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Abstract 
To deal with complex disturbances and the presence of partial 
loss of propeller effectiveness in work-class remotely operated 
vehicles (ROVs), a method of robust fault tolerant control is 
proposed, which is based on adaptive sliding mode control. In 
this approach, adaptive technique is employed to estimate the 
bounds’ information of external complex disturbances and the 
effectiveness loss of the propeller. And a sliding mode controller 
is then designed to achieve fault tolerant control and external 
disturbance rejection. Corresponding stability of the closed-loop 
control system is analyzed using Lyapunov stability theory. Apply 
this method to trajectory tracking control of work-class ROVs, 
the simulation results validate that great fault tolerant capability 
and a good performance of external disturbance rejection can be 
achieved even under partial loss of propeller effectiveness.

Keywords
work-class remotely operated vehicle, partial loss of propeller 
effectiveness,robust fault tolerant control, sliding mode control, 
multivariable control

1 Introduction
The work-class remotely operated vehicles (ROVs) are 

essential equipments which are widely used in military, com-
mercial and scientific investigations [1]. However, the compo-
nent systems of the working-class ROVs may be easy to degen-
erate and corrode due to the long-term and high-duty working 
in the harsh working condition of the deep sea. As a key sys-
tem, the propulsion system is much easier to be troubled with 
these problems, however, which may greatly affect the control 
performance of the ROVs leading to the decreasing of working 
efficiency and increasing of working cost. Moreover, the fault 
of propulsion system may even lead to the loss of ROVs. Thus, 
the robust fault tolerant control (FTC) methods for ROVs are 
very necessary [2, 18-21].

Nowadays, the FTC methods mainly have two branches, the 
passive FTC (PFTC) and the active FTC (AFTC) [3, 4], which 
have been successfully adopted in the control of spacecrafts [5, 
6]. Corresponding studies of FTC on ROVs are very limited, 
especially for the multivariable robust FTC in the deep-sea 
environment [7, 8]. 

In the Ref. [9], the neural network technology is combined 
with the FTC method. Corresponding controller had been veri-
fied through the simulations on the yaw control of the underwa-
ter vehicles. In the Ref. [10], an adaptive model of underwater 
vehicles is constructed using FIR, and LMS is used to mini-
mize the output error between the monitored system and the 
FIR filter in the process. Afterwards, the sensor fault is detected 
and the AFTC is realized by analyzing the resulting adaptive 
FIR filter coefficients and error signals. 

The proposed method in Ref. [10] relies on the detection of 
all kinds of faults to a great degree, which may lead to the out 
of control of the whole system due to the possibility of false 
detection. Moreover, there are always delayed time between 
the occurrence and detection of the fault, which in turn will 
greatly affect the control performance of the whole system 
[11]. Therefore, the robust FTC methods have been widely 
studied [12, 13].

For the dynamic positioning of ROVs under complex exter-
nal disturbance and partial loss of propulsion, we propose a 
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novel robust FTC method based on adaptive sliding mode 
control (SMC) inspired by the existing works concerning 
FTC methods. The new proposed method has good robustness 
against external disturbance and partial loss of propulsion. 
Moreover, no exact bound information of the external distur-
bance and partial loss of propulsion are required thanks to the 
adaptive technique, which leads to relative smooth control sig-
nals. The closed-loop stability of the control system is analysed 
based on Lyapunov stability theory. Finally, several simula-
tions are conducted to verify the effectiveness of the proposed 
method. Corresponding simulation results show that the pro-
posed method can provide with good robustness against both 
external disturbance and partial loss of propulsion.

2 System description
A reasonable dynamic model to describe ROVs’ behavior 

must contain both the rigid-body dynamics of the vehicle’s 
body and the representation of the surrounding fluid dynamics 
[14]. Thus, the dynamic model of a ROV is often described 
with respect to earth-fixed frame and body-fixed frame, as 
shown in Fig. 1. 

Fig. 1 Earth-fixed and Body-fixed Frame [15]

Simplified dynamic model of a ROV in 4-DOF can be rep-
resented as [15]

Mv C v v D v v g d + + + + =( ) ( ) ( )η τ τ .

η η= ( )J v.

τ = Bu

where
M M M C v C v C v D v D D vRB A RB A L Q= + ( ) = ( ) + ( ) ( ) = + ( ), , .

MRB ∈ R4×4  and  CRB(ν) ∈ R4×4  represent the rigid body in-
ertial matrix and the Coriolis and centripetal matrix, respec-
tively. MA ∈ R4×4  and  CA(ν) ∈ R4×4  denote the added mass 
matrix and the added Coriolis and centripetal matrix, respec-
tively.  DL ∈ R4×4  and  DQ ∈ R4×4  denote the linear and qua-
dratic drag matrices, respectively. The vector  g(η) ∈ R4×1  is 
the combined force/moment of gravity and buoyancy in the 
body-fixed frame. Moreover,  η = [x, y, z, ψ]T  represents the 
ROV’s position and orientation in the earth-fixed frame, and 

ν = [u, v, w, r]T  represents the ROV’s linear and angular veloc-
ity in the body-fixed frame.  τd ∈ R4×1  denotes the disturbance 
force/moment vector, and  τ ∈ R4×1  denotes the system input 
produced by the propellers.  J (η) ∈ R4×4  is the kinematic trans-
formation matrix which expresses the relationship between the 
body-fixed frame and the earth-fixed frame, and can be written 
as follows

J η
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The dynamic distribution matrix  B ∈ R4×5  is mainly 
determined by the arrangement of the ROV’s propellers, and  
u ∈ R5×1  is the force vector produced by the propellers.

Furthermore, Eq. (1) can be expressed in another form for 
the convenience of controller design:

M v C v v D v v g F
0 0 0 0
 + ( ) + ( ) + ( ) = +η τ .

Where M C v D v g
0 0 0 0
, , ,( ) ( ) ( )η  are the nominal parameter 

matrices, and
F Mv C v v D v v gd= − + + + +( ) ( ) ( )( )τ η∆ ∆ ∆ ∆  is the lumped 
disturbance force/moment vector including parametric uncer-
tainties and external disturbances.

Finally, the other simplified parameter matrices can be 
written as:
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D v diag X X u Y Y v Z Z w N N ru u u v v v w w w r r r0
( ) { }= − + + + +

| | | | | | | |
, , , .

g W B T

0
0 0 0η( ) [ ]= −, , , .

Where W and B represent the ROV’s weight and buoyancy 
respectively. 

3 Multivariable robust FTC design
Inspired by the results from Ref. [16], a novel multivariable 

robust FTC based on adaptive sliding mode is proposed and 
investigated for the trajectory tracking control of ROVs. The 
proposed method handles the external complex disturbance 
and partial loss of propulsion separately, and estimates cor-
responding bound information using two adaptive laws. This 
kind of designing greatly ensures the control performance and 
improves the working efficiency.
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Generally, the goal of the robust FTC designing is to asymp-
totically track the desired trajectory  ηd  in the presence of 
external complex disturbance and partial loss of propulsion. 

For the convenience of FTC designing, substituting Eq. (3)  
into Eq. (4) and taking the partial loss of propulsion into con-
sideration, we have 

M v C v v D v v g B B u F0 0 0 0 0 + + + = + +( ) ( ) ( ) ( )η ∆

Where  B0  is nominal dynamic distribution matrix when the 
propulsion system can work normally. And  ΔB  is the variation 
of the dynamic distribution matrix caused by the partial loss of 
propulsion.

Before giving the main results, following assumptions are 
necessary.
Assumption 1. The desired trajectory  ηd  is smooth, which 
means  η ηd d,  existent and bounded.
Assumption 2. Following inequalities must be satisfied to 
realize the FTC of ROVs

B B B
0 0
0 0≠ + ≠, ∆

Assumption 3. The dynamic distribution matrix variation and 
external disturbance are bounded, which means

0 0 1
0

≤ ≤ ≤ = <F f B B L, ∆

Define the tracking error and sliding surface as

e d= −η η

s e e= + λ

Then, we have the following theorem hold.
Theorem 1. For the nonlinear model of ROVs [10], if Assump-
tion 1-3 are satisfied, the trajectory tracking error e will asymp-
totically converge to zero using the following controller as

u u u u
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And the adaptive laws are designed as

ρ λρ= s

γ λγ= s Ψ

where B J M Br0 0

1

0
= ( ) −η  and

Ψ = + − + + +( ) ( ) [ ]−λ η η η η� ��
i
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1
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u0  is the nominal control signal,  ud  and  uf  are the control 
signals used to handle external disturbance and partial loss of 
propulsion, respectively.  λρ  and  λλ  are constant parameters to 
be deigned and tuned.

Proof. Define parameter errors as 
e ed dρ γρ ρ γ γ= − = −, .

where

ρ γd d

f
L

L
L

=
−

=
−1 1

,

It should be noted that  γd  actually cannot be obtained, 
meanwhile they are also not used in the proposed method. 
These two parameters are just defined here for the stability 
analysis in the following procedure. 

Then, differentiating (17) with respect to time yields

   e eρ γρ γ= − = −, .

Choosing a Lyapunov function as 

V s
L
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Differentiating (20) with respect to time and combining 
(15)-(19) yields
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Substituting Eq. (11) into Eq. (21) and combining Eq. (18), 
we have
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Then, we have 

V < 0

Thus, the closed-loop system is asymptotically stable 
which means the system can asymptotically track the desired 
trajectory   ηd .
Remark 1. To ease the chatters caused by the term sgn (s). in 
the controller , the saturation function is used to replace the 
term sgn (s).
Remark 2. As shown in above rigorous theoretical derivation, 
our new proposed method can effectively handle the complex 
disturbances and partial loss of propeller thrust using the sep-
arate adaptive laws, and this is the main contribution of our 
work.
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4 Simulation study
In order to verify the effectiveness of the algorithm, a deep-

sea exercise test platform as the simulation object has been 
developed, as shown in Fig. 1. The main parameters of the test 
platform is shown in Table 1 [14].

Judging from the analysis above, the adaptive synovial mul-
tivariable robust fault-tolerant control could complete well the 
motion control of the ROV adopting the method. To ensure the 
ideal control performance, and reduce the complexity of the 
controller, it is necessary to simplify the model of ROV [17]. 

This paper adopts the nonlinear four freedom degree simpli-
fied model parameter matrix of ROV proposed in paper [17], 
the parameter matrix is simplified as follows [17]:

M diag m X m Y m Z I Nv v v v w z ru= − − − −{ }
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The simulation of external disturbance is set.

∆f =

+ ( )
+ ( )
+

50 100sin 0.314t kgf
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Controller parameters used in the simulations: 
λ = { }diag 1 2 5 2 1 25 2 4. , . , . , . ,

λρ = { }0 001 10 6 15 8. , , , ,diag

λγ = { }diag 0 2 0 09 1 0 1. , . , , . ,

λ = ×0 05
4 4

. .I

In order to simplify the simulation process, it is assumed that 
all the failure degree of propeller are same,that is to say, 20% pro-
peller thruster failure can olny output the nominal value of 80%.

Table 1 Parameters of the test platform

Parameters Value Parameters Value

mV /kg 2500 Kp /(kg∙m2/(s∙rad)) −9810

W/N 24525 /(kg∙m2/(s∙rad)) −19620

B/N 25020 Nr /(kg∙m2/(s∙rad)) −7848

zB / m −0.493 Xu|u| /(kg/m) −952

Ix /(kg∙m2) 440 Yv|v| /(kg/m) −1364

Iy /(kg∙m2) 1300 Zw|w| /(kg/m) −3561

Iz /(kg∙m2) 1250 Kp|p| /(kg∙m2/rad2) −890

Xu /kg −2140 Mq|q| /(kg∙m2/rad2) −1876

Yv /kg −1636 Nr|r| /(kg∙m2/rad2) −773

Zw /kg −3000 τumax/N 7564

Kp /(kg∙m2) −1664 τvmax/N 7564

Mq /(kg∙m2) −4947 τwmax/N 3434

Nr /(kg∙m2) −1524 τpmax/(N∙m) 1960

Xu /(kg/s) −3610 τqmax/(N∙m) 1470

Yv /(kg/s) −4660 τrmax /(N∙m) 9810

Zw /(kg/s) −11772

4.1 No outside interference and propeller thruster 
failure

The simulation results are shown in Fig. 2 and Fig. 3. Seen 
from them, the system can reach quickly a steady state in x, y, z 
directions, and steady-state error becomes smaller, while yaw-
ing after about 40s gradually stabilized, the steady-state error 
becomes very small. It can be seen from the results above, that 
the algorithm can still track very well the desired signal without 
the precise information about foreign interference. At the same 
time, the algorithm to foreign interference has a good robust-
ness judging from small tracking error.

Fig. 2 Simulation Results of η  (Blue) Tracking ηd (Red)

(24)

(28)

(29)

(27)

(25)

(26)
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Fig. 3 Simulation Results of Position Tracking Errors

4.2 Foreign interference and 35% propeller thruster 
failure

The simulation results are shown in Fig. 4, shown in Fig. 5. 
Seen from them, under the condition of the 35% propeller 
thruster failure, the performance of dynamic tracking is still 
more ideal, steady-state error increases compared to no failure. 
in x direction it has about 15% error when the time is approx-
imately 120 seconds, and the steady-state error of the other 
time is less than 10%. the steady-state error in y direction is 
better than x direction,locating in less than 10%. The steady-
state error in z direction has good dynamic performance and 
the steady-state error decreases with the increase of time. The 
control performance of bowing is still very good. It is basically 
same to the condition above.

That is to say that this algorithm is still applicable under the 
condition of the 35% propeller thruster failure.

Fig. 4 Simulation Results of η  (Blue) Tracking ηd (Red)

Fig. 5 Simulation Results of Position Tracking Errors

4.3 Foreign interference and 60% propeller thruster 
failure

Judging from the simulation results shown in Fig. 6 and 
Fig. 7, a marked deterioration will become under the condition 
of the propeller thruster failure 60%, in the tracking perfor-
mance of the controller compared to the thruster failure 35%, 
and the error increases nearly doubled in x, y direction. On 
the other hand the z direction error reaches a maximum near 
to 50%. However, the control performance of bowing is still 
good, indicating that this algorithm in yawing control [23] has 
a good control performance.

Fig. 6 Simulation Results of η  (Blue) Tracking ηd (Red)



92 Period. Polytech. Mech. Eng. Z.-Q. Wang, Z.Wang, M.-E. Wu, Y.-P.Luo

Fig. 7 Simulation Results of Position Tracking Errors

4.4 Foreign interference and 80% propeller thruster 
failure

Judging from the simulation results shown in Fig. 8 and 
Fig. 9. The control performance is worse under the condition 
of the 80% thruster failure, even the yawing control [23] also 
appears more than 50% of the error, so the algorithm is not 
applicable to the 80% propeller thruster failure. Based on the 
four simulation study above under different degree of failure, 
it can be seen that this algorithm has very good robustness to 
external complex disturbance, while the tracking performance 
in four directions (x, y, z and Ψ are very good, and the fault-tol-
erant ability even more than 60% for yawing control. So it can 
be said that the use of the algorithm on the ROV model not only 
has good robustness to foreign interference but also has strong 
fault tolerance for the part of the propeller thruster failure.

Fig. 8 Simulation Results of η  (Blue) Tracking ηd (Red)

Fig. 9 Simulation Results of Position Tracking Errors

5 Conclusion
Aimed to complex interference and part failure of propeller 

thruster for the control problem of the operation type ROV, the 
paper has proposed a multivariable robust fault-tolerant con-
trol algorithm based on adaptive synovial. While the algorithm 
does not need to know the external interference and the failure 
degree of accurate information, but by an adaptive algorithm 
to estimate, which greatly improved the practical value of the 
algorithm. In order to simplify the simulation process, a kind 
of four degrees of freedom model is used instead of the more 
complex six degree of freedom model. And the simulation 
results show that the algorithm not only has good robustness 
to foreign complex interference, but also has strong ability of 
fault tolerance for the propeller thruster.

For the future research, the total loss of propeller thrust will 
be taken into consideration, and corresponding improved FTC 
method will be given for this situation.
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