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ABSTRACT  

This paper is dedicated to developing of new method of synthesis of subsystem of accommodation to continuous 
faults for dead reckoning system (DRS) of autonomous underwater vehicles (AUV). Proposed method consists of three 
basic stages. On the first step, the problem of detection and localization of faults through the use of kinematic model of 
AUV and special data fusion from its navigation sensors is solved. On the second stage, the task of identification of fault 
values is solved by the introduction of additional observers with feedback by residual signals. In the third stage additional 
signals, compensating the faults are formed in the respective control channels of AUV. The advantage of proposed method 
is simplicity of realization and high precision of compensation of the revealed faults in the conditions of uncertainty and 
essential variability of parameters of environment. The results of mathematical simulation is fully confirmed the efficiency 
and high performance of the proposed method.  
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INTRODUCTION 

Today, the AUV are one of the most effective 
tools for study and development of the oceans. The 
navigation sensors are very important components of 
AUV, because its signals are used to generate trajectories 
of AUV. Usually, the basis of the navigation system of 
AUV is dead reckoning system (DRS), which includes 
navigation sensors. Since the faults or malfunction of 
these sensors can lead to errors in the implementation of 
underwater mission or to loss of expensive AUV, the task 
of timely faults detection is important. In case of faults 
arising, the diagnostic system should send information 
about detected faults to control system of AUV that should 
decide to stop the mission or to continue with by using 
special correction of control signals (case of fault tolerant 
control). Forming of such signals is an important part of 
increasing reliability problem. The solution to this task is 
called the accommodation of faults [1]. 

Now, the several approaches to solving the 
problems of diagnosing and fault tolerant control for AUV 
sensors is known [2-6]. These approaches and methods are 
based on using of diagnostic observers synthesized with 
the help of nonlinear dynamical model of AUV. Each of 
such observers receives control signals and the 
information about measured components of the AUV state 
vector. At this, diagnosis is carried out by using analysis of 
error signals (residuals) arising between the sensor output 
and outputs of respective observers. 

The analysis showed, that most of these known 
approaches and methods provide a qualitative solution of 
problems of diagnosis and synthesis of fault tolerant 
control only in case of AUV movement in the plane and 
on the low speed. It is related to using in the synthesis of 
diagnostic observers nonlinear dynamic models of AUV. 
Such models have undefined and significantly variable 
parameters. This results in a non-zero residuals generated 
by observers, even in the absence of faults.  

Various methods of robust diagnosing of AUV 
subsystems is used to effectively eliminate of noted 
disadvantage. These methods are based on sliding 
observers [10], neural networks [11], fuzzy logic [12], and 
others. There are also different methods of fault tolerant 
control, which are based on methods of optimal control 
[13], H_inf - optimization [14], tracking of reference 
model [15], and adaptive control [16].  These methods 
provide the reducing of sensitivity of synthesized 
observers to unknown (mostly a slowly changing) 
parameters of diagnosed objects. At the same time, the 
complexity of practical implementation of many adaptive 
systems of diagnosis and fault tolerant control for AUV is 
big problem. 

Thus, problem of development of easily 
implementable subsystems of accommodation to faults for 
DRS of AUV without use of non-linear equations of 
dynamics, containing variable and undetermined 
parameters, remains important. In this paper the new 
synthesis method for high-quality subsystem of 
accommodation to faults for DRS of AUV is proposed and 
investigated. 
 
The development of subsystem of accommodation to 
faults for DRS of AUV 

In the course of development of synthesis method 
of fault tolerant systems for autonomous underwater 
robots with navigation sensors failures at first it is 
necessary determine the composition of navigation sensors 
of AUV and the relationship between signals coming from 
them. These relationships should be used for the synthesis 
of diagnostic observers for the detection and localization 
of occurring faults.  

The set of onboard navigation sensors of AUV 
depends on its type and appointment. The most 
underwater vehicles, intended for autonomous 
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performance of various missions have the following set of 
navigation sensors [6]. 

The Doppler speed log, which is measure the 
linear speeds [ yx vv , ] of AUV in joint coordinate system 

(JCS). 
The sensor of orientation of AUV ],,[   that 

measure angles of course roll and trim in absolute 
coordinate system (ACS). 

The hydroacoustic navigation system that 
measure the linear coordinates of AUV ],[ yx  in ACS. 

The sensor of depth of AUV, measuring coordinate of z in 
ACS. 

The sensors of angular speeds of AUV 
],,[ zyx    concerning JCS. 

There are some different causes leading to these 
sensors fault [2]. The faulty sensor should be early 
detected and isolated by the diagnostic system to avoid the 
erroneous mission fulfillment or loss of AUV.  

All of these sensors will be used to develop a 
method of fault tolerant control. Connection between the 
values of the corresponding signals in the JCS and ACS is 
described by the following expression [6]: 
 

υJ )η(η  ,        (1) 

 

where T],,,,,[ zyxzyx vvv    is a vector of 

projections of the linear and angular speeds of AUV on the 

axis of JCS, T],,,[η  x,y,z  is a vector of position and 

orientation AUV in ACS, )(J  is a block matrix of 

transition from JCS to ACS [6]: 
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The proposed synthesis method of subsystem of 

accommodation to faults for DRS of AUV includes three 
main phases. In the first step, the bank of diagnostic 
observers is constructed for detecting and locating faults 
using the equations of AUV kinematics and navigational 
sensors data fusion. At the second stage, the task of 
identification of fault values is solved by the introduction 

of additional observers with feedback by residual signals. 
In the third stage additional signals, parrying the faults are 
formed in the respective control channels of AUV. 
Consider all three phases of the proposed approach in 
more detail. 

For the purpose of diagnosis and localization of 
faults occurring in the sensors of DRS of AUV, it is 
necessary to introduce bank of observers O1-O5, which is 
described by next equations [7, 8] 
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where T],,,,[ yx   is a state vector of bank of 

observers; the symbol "~" denotes the signals received 
from DRS of AUV, which may contain faults; 
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  is a linear velocity 

of AUV by Z-axis in JSC; T]~,~,~[ zyx   is a vector of 

angular velocity of AUV; ijJ  is a element of block matrix  

)(J . 

Using a bank of observers (1) and a special error 
matrix D [10], specifying the relations between the values 
of obtained residuals and faults that occur in the signals 
coming from specific sensors of DRS will detect the fact 
of the appearance of incorrect statements from specific 
sensors. In this case, the error matrix will look like the 
following: 
 

 
 

where T
51 ],...,[ rrr   is a residual vector 

between the outputs of the bank of observer and signals 
from the respective sensors. 
In order to further localization of the faults it is necessary 
to introduce the vector I: 
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where 0kr  is a value determining the threshold of 

sensitivity of k-th observer ( 5,1k ).Thus, k-th element of 

vector of I will be equal 1 if residual of k-th observer 
exceed threshold value, and to zero otherwise. Next, 
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compare vector I and columns of faults matrix D1 to obtain 

a vector  TLLLLLL 54321 : 

 
L1=1, if I=D1; L2=1, if I=D2; L3=1, if I=D3; 
 
L4=1, if I=D4  or I=D5; L5=1, if I=D6 or I=D7 or I=D8; 
 

where lD is a l-th column of matrix of error D  

( 8,1l ). 

If there are no faults all elements of vector L are equal to 
zero. If an error occurs in determining the roll angle the 
1st element in the vector L becomes equal to 1, and the 
rest are zero. The error in determining the course and trim, 
as well as the testimony of Doppler log and an angular 
velocity sensor correspond to the 2nd, 3rd, 4th and 5th 
elements of the vector L. Thus, the problem of diagnosis 
and localization of errors in the signals received from 
navigation sensors of DRS of AUV can be considered 
solved. 

After detecting of faults, which occurring in the 
DRS sensors, it is necessary accurately identify magnitude 
of these faults in real time. The values of some faults (eg, 
dθ and dψ) can be estimated directly from residual signals 
obtained, from observers O1 and O5 from system (1). To 
determine the faults in the signals received from other 
sensors of DRS of AUV, additional procedures, which will 
be discussed later, are required. 

It should be noted, that equation of the observer 
O3 contains coefficients that depend on φ. Therefore it is 
not possible to determine the magnitude of the fault dφ 

directly from residual and a new observer 
1O should be 

introduced, based on a joint solution of equations 3 and 4 
of the system (1) (in the presence of only this fault): 
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where ̂  is state variable of the observer 
1O . This fault 

value will be equal to:  ˆ~d . 

To determine the magnitude of the faults dvx , dvy, 
dωx, dωy and dωz  it is necessary to introduce the new 

observers 
2O - 

6O , that match in form with the observers 

O1 – O5, but contain feedback formed using the residual 

signal [7, 8]. The observer 
1O can be described by 

equation (if an error xdv occurs when there are no faults in 

other sensors): 
 

11131211 ˆ)(ˆ rkvJvJdvvJx zyxx 
,     (4) 

 

where x̂  is a state variable this of the observer, 

1k  - feedback gain, xxr ˆ1̂   - residual of the observer 

1O . 

With taking into account expressions (3) and (4), 
it is possible to obtain: 
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In a general view the behavior of the signal dvx(t) 

in time can be described as: 
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where a is a amplitude of the change of fault;   
is a frequency of the change of fault; j – the imaginary 
unit. 

Thus, the solution of the equation (5) has the 
form:  
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where )/( 2karctg  , 1C  – constant. 
 

If 1k  (this is true in most real systems), the 

expression (6) can be rewritten as [7, 8]: 
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It is known that it is desirable to 
choose CTk /3 , where CT is a time at which the residual 

signals reach ±5% area of the required quantity. After the 
end of the transition process, the size of fault can be 
obtained from the following expression: 
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The values of the remaining faults are determined 

in a similar manner. 

Thus, after the introduction of new observers 
1O  

- 
5O   problem of estimating the faults occurring in all 

navigation sensors of DRS of AUV has been resolved. 
In the third phase of synthesis of subsystem of 
accommodation to faults for DRS of AUV additional 
signals are generated in the control systems of AUV to 
eliminate faults. To solve this problem the vector of 
calculated fault values R is used: 
 

R   .55544321
T

zyxyx dLdLdLdvLdvLdLdLdL   

 
In the event of a fault dl, in the output of the 

diagnosis system, there will be vector R, where the l-th 
element is equal to the size of the fault, and the rest are 
zero. In the absence of faults in all elements of the vector 
will be zero. Thus, the second stage of the synthesis of 
fault tolerant system (a definition of faults size) can be 
considered solved. The final step is to obtain estimates of 
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the true values of the state vector that is necessary for 
quality control [7]: 
 

]~,
~

,~[],,[ 321 RRR  , 
]~,~[],[ 54 RvRvvv yxyx  , 

]~,~,~[],,[ 876 RRR zyxzyx 
. 

 
The developed system allows determining, 

locating and calculating the size of the faults that occur in 
the navigation sensors of DRS of AUV. Block diagram of 
the synthesized system of accommodation is shown in 
Figure-1.  

On Figure-1 the following designations are 
entered: FPS is a block of forming program signals, FL is 
a block of faults localization, FS is a block of determining 
the size of fault, CS is a control system. 

The advantage of proposed method is simplicity 
of realization and high precision of compensation of the 
revealed faults in the conditions of uncertainty and 
essential variability of parameters of environment. 
 

 
 

Figure-1. Block diagram of the AUV with system of 
accommodation. 

 
SIMULATION OF SUBSYSTEM OF 
ACCOMMODATION TO FAULTS FOR DRS OF 
AUV 

To investigate the performance and effectiveness 
of the proposed synthesis method, mathematical 
simulations were performed. The full dynamic model of 
underwater vehicle with adaptive control [9] was used. 
The simulation was done with zero initial conditions of 
AUV and observers. Faults in the sensors were simulated 
by adding a ydv = 0.5sin(t)+0.25, to sensor signal which 

began at time t = 20 s until t = 80 s. 
Figure-2 shows the results of the work of 

diagnostic system, which allows to carry out real-time 
diagnostics procedure of AUV faulty sensors, and 
accurately determine the value of arising faults (errors). In 
this figure, line 1 indicates the value of a given fault and 
line 2 indicates the value of fault, obtained using the 
diagnostic system discussed in the article. 
 

 
Figure-2. The value of the error ydv , defined by diagnosis 

algorithm when ydv = 0.5sin(t)+0.25. 

 
It is shown from the Figure-2 that synthesized 

subsystem of accommodation to faults for DRS of AUV 
not only discovered the fault, but also maintain the 
required accuracy. Similar results were obtained in the 
simulation cases of other types and values of faults in 
other sensors. 

Figure-3 and Figure-4 shows AUV specified 
trajectory, when fault is present and the trajectory, when 
fault compensated by fault tolerant system. On this figures 
1 is a specified trajectory, 2 is a trajectory when fault is 
present, 3 is a trajectory with the fault tolerant control 
system, 4 is a point of introduction of fault.  

Thus, the results of mathematical simulation is 
fully confirmed the efficiency and high performance of the 
proposed method of synthesis of subsystem of 
accommodation to faults for DRS of AUV. 

 

 
(a) 

 
(b) 
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(c) 

 
Figure-3. a) - The spatial trajectory of AUV; b) - the 

trajectory of AUV in the XY plane; c) - the trajectory of 
AUV in the XZ plane; 

 

 
 

Figure-4. The trajectory of AUV in the YZ plane. 
 
CONCLUSIONS 

In this paper, the new synthesis method of 
subsystem of accommodation to faults for dead reckoning 
system of autonomous underwater vehicles is proposed 
and investigated. This method consists of three main 
stages. The problem of detection and localization of faults 
is solved on the first stage. The problem of faults size 
identification is solved at the second stage. At the third 
stage, there is a formation of additional control signals for 
AUV guaranteeing the compensating of the arising faults. 
The advantage of proposed method is simplicity of 
realization and high precision of compensation of the 
faults in the conditions of uncertainty and essential 
variability of parameters of environment. The results of 
simulation confirm the high efficiency of the synthesized 
system of accommodation. 
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