


INTERNATIONAL JOURNAL OF CONTROL

2021, VOL. 94, NO. 11, 3038–3045

https://doi.org/10.1080/00207179.2020.1749938

New hybrid control of autonomous underwater vehicles

Mehran Rahmani and Mohammad Habibur Rahman

Department of Mechanical Engineering, University of Wisconsin-Milwaukee, WI, USA

ABSTRACT

This paper proposes a newhybrid robust controlmethod for control of an autonomous underwater vehicle.
Fractional sliding mode control (FSMC) is robust against external disturbances. The main drawback of the
FSMC method is creating a chattering phenomenon. Therefore, a compound control method is applied,
which benefits in both robustness of the FSMC method and chattering elimination by the new control
algorithm. A random noise is applied in order to verify the robustness of the proposed control method.
The stability of FSMC and proposed compound control method has been verified by Lyapunov theory. The
effectiveness of the proposed control method is compared with FSMC, which numerical simulation results
confirm the best performance of the proposed control method.
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1. Introduction

Autonomous underwater vehicles (AUVs) have been widely
used in different applications such as pipeline inspection, seabed
mosaic, shipwreck search, and surveillance. Therefore, an accu-
rate control method is necessary for altitude and position con-
trol of the AUV (Li et al., 2007; Santos et al., 2018). Zhang et al.
(2014) proposed a sliding mode prediction control method for
AUVs to track a desired 3D path under time-varying current
disturbances. In order to compensate for the effect of the hydro-
dynamic damping coupling, a slidingmode approach combined
with predictive control method is used. Numerical simulations
demonstrated the excellent path following the performance of
the AUV in 3D under the proposed control method. Zhou et al.
(2018) used backstepping-based control for the un-smoothness
of tracking trajectory. By using backstepping techniques, the
problem of parameter skip at inflection point existing in back-
stepping tracking control method has been solved. In addition,
the proposed control method can effectively solve the singu-
larity problem in backstepping control of virtual velocity error.
The stability of the proposed control method was verified by
Lyapunov theory. Miao et al. (2017) considered the problem
of curvilinear path following control of under-actuated AUVs
with multiple uncertainties. Zhang et al. (2015) proposed fault
tolerant control for underwater vehicles in time varying ocean
environments. By using adaptive terminal sliding mode, a fault
tolerant control method for AUV with thruster fault is pro-
posed. In order to estimate on-line the upper bounds of the
lumped uncertainties, an adaptive approach is incorporated into
terminal sliding mode. The proposedmethod is independent of
fault detection and diagnosis module, which both can be taken
into consideration the advantages of that method. Simulations
and experiments of AUVs verified the feasibility and effective-
ness of the proposed method. Sarkar et al. (2016) proposed a
convenient controller to obtain optimal energy consumption
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when tracking a commanded path accurately for some envis-
aged applications. In addition, the proposed control method
is robust against external disturbances which AUVs encounter.
Cui et al. (2016) proposed a controlmethod forAUVswith input
nonlinearities and unknown disturbances. An adaptive sliding
mode control is proposed for the case without any input non-
linearities. An adaptive sliding mode control method combined
with a nonlinear disturbance observer for the dead-zone non-
linearity and unknown disturbances. Simulations and experi-
mental results verified the effectiveness of the proposed control
method. Elmokadem et al. (2017) proposed a new robust termi-
nal slidingmode controlmethod for the lateralmotion of under-
actuatedAUVs. The goal of the proposed controlmethodwas to
solve the trajectory tracking problem of AUVs. Cao et al. (2018)
in order to improve search efficiency and reduce tracking error,
proposed a compound Glasius bio-inspired neural network and
bio-inspired cascaded tracking control method. This control
method deals with several conditions such as search for static or
dynamic targets, and tracking of different trajectories in under-
water environments with obstacles. Yan andYu (2018) proposed
a trajectory tracking control law for AUVs with the effect of
states and control input quantisation. By introducing the bound
of quantisation error into the switching termof the slidingmode
control, a sliding mode control method is proposed to conquer
the quantisation effect. Guo et al. (2003) investigated the fea-
sibility of applying a sliding mode fuzzy controller to motion
control and line of sight guidance of an AUV. Zhang et al. (2018)
proposed an adaptive nonlinear second order slidingmode con-
troller to eliminate the chattering phenomenon,which is created
by slidingmode control.Millán et al. (2014) investigated the for-
mation control problem for fleets of AUVs. In order to allow the
controller to deal with delays and packets dropouts, a control
method consists of a feedback H2/H∞ controller in combina-
tion with a feedforward controller is proposed. Kim et al. (2016)
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proposed an enhanced time delay controller for position control
of AUV under disturbances. Qiao and Zhang (2017) proposed
an adaptive non-singular integral terminal slidingmode control
method for trajectory tracking of AUVs with dynamic uncer-
tainties and time-varying external disturbances. It guarantees
that the velocity tracking errors locally converge to zero in finite
time and after that, the position tracking errors locally converge
to zero exponentially. Based on all above researches, sliding
mode control is a convenient tool to control an AUV system,
but chattering phenomenon is its main drawback. A compound
control method should be designed in order to solve this prob-
lem. Therefore, a new hybrid control technique is proposed
which benefits both high trajectory tracking by fractional slid-
ing mode control (FSMC), and chattering reductions by that
controller with a new controller.

In this paper, a new robust compound control method for
AUV is proposed. The main motivations in the paper are high-
lighted as follows:

(1) A FSMC is designed to enhance the robustness of the
control system.

(2) By using a new compound control system, chattering phe-
nomenon which is not proper for a system is eliminated.

Therefore, in order to verify the robustness of the proposed
control system, a random noise is applied. In addition, the per-
formance of the new robust control system is compared with
FSMC. The main contribution is the proposed new compound
robust control system.

The rest of this paper is arranged as follows. In Section 2, the
dynamic modelling of the AUV is described. In Section 3, the
new FSMC is presented. In Section 4, robust compound con-
trol system has been delineated. Section 5: presents the type of
fractional order operator. Section 6: presents simulation results.
Finally, the paper ends with the conclusion and contributions of
the work.

2. Dynamics of AUV

By neglecting the motions in heave, roll and pitch, the conven-
tional dynamic mode of the AUV in the horizontal plane can be
defined by the motion components in the surge, sway and yaw
directions (Figure 1). The kinematic and dynamic model of the
AUV can be defined as follows (Yan & Yu, 2018):

η̇ = R(ψ)υ (1)

Mυ̇ = −C(υ)υ − D(υ)υ + τ + E(t) (2)

where η = [x, y,ψ]T is the position vector in the earth-fixed
frame, x is the surge position, y is the sway position,ψ ∈ [0, 2π]
is the heading of the ship. Also, υ = [u, ν, r]T is the velocity vec-
tor in the body fixed frame, u is the surge velocity, ν is the
sway velocity and r the yaw rate of the ship. Control inputs are
denoted by τ = [τ1, τ2, τ3]

T , where τ1 is control forces in surge
and τ2 in sway, and τ3 is moment in yaw. Disturbance vector can
be indicated by E(t) = [E1(t),E2(t),E3(t)]

T , where E1(t) and
E2(t) are the disturbance forces in swage and sway, and E3(t) is
the disturbance moment in yaw direction. The rotation matrix

Figure 1. Body-referenced coordinate system on an AUV.

can be shown as follows:

R(ψ) =

⎡

⎣

cos(ψ) − sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 1

⎤

⎦ (3)

It can be taken into consideration that ||R|| and ||.|| describe
the two-norm of a vector or a matrix. C(υ) is the Coriolis and
centripetal forces. D(υ) is the restoring force vector. M is the
inertia matrix. Where,

R(ψ) =

⎡

⎣

0 0 −mνν

0 0 muu
mνν −muu 0

⎤

⎦ (4)

D(υ) = diag{du, dν , dr}, du = −Xu − X|u|u|u|, dν = −Yν −

Y|ν|ν |ν|, dr = −Nr − N|r|r|r|, M = diag{mu,mν ,mr}, mu =

m − Xu̇, mν = m − Yν̇ , mr = Iz − Nṙ , where m is the AUV
mass, X(.),Y(.),N(.) are hydrodynamic derivatives of the system,
and d(.) is hydrodynamic damping effect.

By derivating of Equation (1), and replacing Equation (2) in
Equation (1), the dynamic equation can be denoted as follows:

η̈ = Ṙ(ψ)υ − M−1R(ψ)C(υ)υ − M−1R(ψ)D(υ)υ

+ M−1R(ψ)τ + M−1R(ψ)E(t) (5)

According to Equation (1), By replacing υ = η̇/R(ψ) into
Equation (5), then:

η̈ =

(

Ṙ(ψ)

R(ψ)
− M−1C(υ) − M−1D(υ)

)

η̇

+ (M−1R(ψ))τ + (M−1R(ψ))E(t) (6)

Equation (6) can be shown as follows:

η̈ = Pη̇ + Qτ + NE(t) (7)

whereP =
(

Ṙ(ψ)
R(ψ)

− M−1C(υ) − M−1D(υ)
)

,Q = (M−1R(ψ)),

and N = (M−1R(ψ)). �P,�Q, and �N describe some uncer-
tainties of parameter variations. As a result of this, Equation (7)
can be defined as:

η̈ = (P + �P)η̇ + (Q + �Q)τ + (N + �N)E(t) (8)

By definition of l, u as lower and upper uncertainty values, the
uncertainties can be bounded as:

�Pl ≤ |�P| ≤ �Pu, and �Ql ≤ |�Q| ≤ �Qu

As well as, τ(t) = u(t), which dynamic Equation (8) can be
written as follows:

η̈ = (P + �P)η̇ + (Q + �Q)u(t) + E(t) (9)
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3. Fractional slidingmode control

FSMC is popular because of its robustness against external
disturbances. The tracking error can be defined as:

e(t) = ηd − η (10)

The fractional-order sliding mode surface can be defined as
follows:

s(t) = ė(t) + αDµe(t) (11)

where α is positive constant and µ is fractional order opera-
tor. The equivalent FSMC is obtained by taking derivative of
Equation(11) and using Equation(9) as follows:

ṡ(t) = ë(t) + αµDµ−1e(t) = η̈ − η̈d + αµDµ−1e(t)

= η̈d − (P + �P)η̇ − (Q + �Q)u(t)

− E(t) + αµDµ−1e(t) (12)

Therefore, the equivalent control can be defined without con-
sidering uncertainty (E(t)) as follows:

ueq(t) = Q−1[η̈d − Pη̇ + αµDµ−1e(t)] (13)

When external disturbances apply on a system, the equiva-
lent control cannot ensure the effectiveness of the control per-
formance. As a result of this, auxiliary control effort needs to
be designed in order to compensate for the effect of the exter-
nal disturbances. The Lyapunov function can be chosen for this
task as follows (Rahmani et al., 2016a, 2016b, 2016c):

V(t) =
1

2
sT(t)s(t) (14)

In order to guarantee the stability of the control method, an
appropriate condition should be selected as follows:

V̇(t) = sT(t)s(t) < 0, s(t) �= 0 (15)

In order to satisfy the reaching condition, the equivalent con-
trol ueq(t) given in Equation (13) is completed by a control
term.

u(t) = ueq(t) + us(t) (16)

By using Equation (12), Equation (15) can be denoted as follows:

V̇(t) = sT(η̈d − (P + �P)η̇ − (Q + �Q)u(t)

− E(t) + αµDµ−1e(t)) (17)

According to Equation (16), Equation(17) can be rewritten
as follows:

V̇(t) = sT(η̈d − (P + �P)η̇ − (Q + �Q)ueq(t)

− (Q + �Q)us(t) − E(t) + αµDµ−1e(t)) (18)

By substituting Equation(13) into Equation(18), it can be shown
as:

V̇(t) = sT(η̈d − (P + �P)η̇ − (Q + �Q)(Q−1η̈d

− Q−1Pη̇ + Q−1αµDµ−1e(t))

− (Q + �Q)us(t) − E(t) + αµDµ−1e(t)) (19)

Simplifying Equation (19) results in

V̇(t) = sT((−�P + Q−1�QP)η̇ − Q−1�Qη̈d

+ (Q + �Q)us(t) − E(t) − Q−1�QαµDµ−1e(t))

≤ sT(|−�P + Q−1�QP||η̇| − |Q−1�Q||η̈d| − |E(t)|

− |Q−1�QαµDµ−1e(t)| − (Q + �Q)us(t)) (20)

In order to verify that Equation (20) is less than zero, the
reaching control law should be chosen as follows:

us(t) = sign(s)(Q + �Q)(|−�Pl + Q−1�QlP||η̇|

− |Q−1�Ql||η̈d| − |E(t)| − |Q−1�QlαµDµ−1e(t)|)
(21)

Therefore, it can be clearly observed that by substituting
Equation (21) into Equation (20), V̇(t) will be less than zero.

4. New hybrid control method

FSMC can be taken into consideration as one of the most con-
venient control methods for AUV systems because it is robust
against external disturbances, but chattering phenomenon is its
main drawback. Therefore, by introducing a new hybrid con-
trol law, an appropriate control method for AUV systems can be
defined as follows:

u(t) = uFSMC(t) − uh(t) (22)

The proposed control block diagram has been shown in
Figure 2. Where uh(t) can be defined as follows:

uh(t) = k1e(t) + k2ė(t) + k3e
1/2(t) (23)

where k1, k2 and k3 are positive constant.
In order to verify the stability of the proposed control

method, Lyapunov theory can be defined as follows:

V(t) =
1

2
sT(t)s(t) (24)

By substituting Equations (22) and (16) into Equation (17),
it can be denoted as follows:

V̇(t) = sT(η̈d − (P + �P)η̇ − (Q + �Q)ueq(t)

− (Q + �Q)us(t) − (Q + �Q)uh(t)

− E(t) + αµDµ−1e(t)) (25)

By substituting Equations (13) and (23) into Equation (25),
it can be demonstrated as:

V̇(t) = sT(η̈d − (P + �P)η̇ − (Q + �Q)(Q−1η̈d

− Q−1Pη̇ + Q−1αµDµ−1e(t)) − (Q + �Q)us(t)

− (Q + �Q)(k1e(t) + k2ė(t) + k3e
1/2(t))

− E(t) + αµDµ−1e(t)) (26)
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Figure 2. Block diagram of new hybrid control system.

Simplifying Equation (26) results in

V̇(t) = sT((−�P + Q−1�QP)η̇ − Q−1�Qη̈d

− (Q + �Q)us(t) − (Q + �Q)(k1e(t) + k2ė(t)

+ k3e
1/2(t))

− E(t) − Q−1�QαµDµ−1e(t)) (27)

It can be taken into consideration that tracking error will
tend to zero (e(t) → 0) when time goes to infinity (t → ∞),
then

V̇(t) ≤ sT(|−�P + Q−1�QP||η̇|

− |Q−1�Q||η̈d| − |E(t)| − (Q + �Q)us(t)) (28)

In order to verify that Equation (28) is less than zero, the
reaching control law should be chosen as follows:

us(t) = sign(s)(Q + �Q)(|−�Pl + Q−1�QlP||η̇|

− |Q−1�Ql||η̈d| − |E(t)|) (29)

Therefore, it can be clearly observed that by substitut-
ing Equation (29) into Equation (28), V̇(t) will be less than
zero.

5. Implementation of fractional order operator

Scientists have been widely used in fractional calculus in engi-
neering structures, which is why they have been applied in
control system engineering. Fractional order calculus has been
divided into different types: the Grunwald-Letnikov is one of
fractional order calculus types which can be defined as follows
(Rahmani M, 2018):

aD
µ
t lim
h→0

1

hµ

[(t−a)/h]
∑

r=0

(−1)r
(

n
r

)

f (t − rh) (30)

where a and t are the limits of the operator and [t− a/h] is the
integer part. n is the integer value which satisfies the condition
n−1 < µ < n.

The value of the binomial coefficient can be denoted as
follows:

(

n
r

)

=

(n + 1)


(r + 1)
(n − r + 1)
(31)

The Gamma function used in Equation (31) can be defined as
follows:


(x) =

∫ ∞

0
tx−1e−tdt, R(z) > 0 (32)

In order to obtain a numerical solution of fractional differ-
ential equations, this definition is noticeably convenient.

6. Simulation results

The proposed new control methods are implemented to the
model of lateral dynamics for an AUV system. The initial states
are chosen as follows:

x(0) = 0, u(0) = 0

y(0) = 0, ν(0) = 0

ψ(0) = 0, r(0) = 0

In order to consider the effectiveness of the proposed control
method, reference trajectories are selected as follows:

xd(t) = 8 sin(0.01t), yd(t) = 10 sin(0.01t)

Table 1. Parameters of AUV dynamics model.

m = 185 kg Iz = 50 kgm2

Xu = −70 kg/s Yν = −100 kg/s Nr = −50 kgm2/s
Xu̇ = −30 kg Yν̇ = −80 kg Nṙ = −30 kgm2

Xu|u| = −100 kg/m Yν|ν| = −200 kg/m Nr|r| = −100 kgm2
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Figure 3. Position tracking of x and y under FSMC and proposed control method.

The design parameters for the proposed control method are
selected as:

α = 10,µ = 1.5,Ks = diag{1000, 1000},K1 = diag{400, 400},

K2 = diag{500, 500},K3 = diag{20, 20}

The model parameters of an AUV system are tabulated in
Table 1.

Figure 3 shows position tracking of x and y under FSMC
and proposed control method. By using FSMC, chattering phe-
nomenon occurs. Therefore, by applying and designing a new
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Figure 4. Position tracking ofψ (rad) under FSMC and proposed control method.

Figure 5. Position tracking error of x and y under FSMC and proposed control
method.

Figure 6. Velocity tracking of AUV versus time using FSMC and proposed control
method.

compound control method, chattering phenomenon will be
eliminated. The proposed control method (uh(t)) continuously
calculates an error value e(t) and applies a correction based
K1e(t),K2ė(t) and K3e

1/2(t) terms. This issue can eliminate
chattering phenomenon which is created by FSMC. In addition,
the maximum overshoot is reduced by proposing the new con-
trolmethod according to Figure 3. The underactuatedψ control
is illustrated in Figure 4. Moreover, Figure 5 shows the posi-
tion tracking error of x and y under FSMC and the proposed
control method. According to Figure 5, maximum overshoot
reduced from 0.027 under FSMC to 0.016 under proposed com-
pound control law in the x direction. Themaximumundershoot
is reduced from 0.013 under FSMC to 0.0025 under new con-
troller in the x direction. As well as, maximum overshoot and
undershoot reduced from 1.5 to 0 and 3.46 to 0.74 under FSMC
and proposed control method in the y direction, respectively.
Figure 6 demonstrates velocity tracking of AUV versus time
under FSMC and proposed control method.
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Figure 7. Position tracking of x and y under random noise.

6.1 Robustness studies

AnAUV system permanently encountered with external distur-
bances when it moves in the water. Therefore, a robust control
method should be designed in order to be robust against distur-
bances. Random noise with standard deviation 0.1 is applied in
order to verify robustness andnoise suppression of the proposed
control method as follows:

E(t) = 0.1 ∗ randn(1, 1) (33)

Figure 7 shows simulation results. It can be clearly observed
that novel compound proposed control method conveniently
suppresses the noise.

7. Conclusion

In this research, a new compound controlmethodwas proposed
for an AUV system. An AUV system constantly encounters
external disturbances. By knowing this problem, a FSMC is
designed to enhance the robustness of the controller against
disturbances. However, themain drawback of FSMC is the chat-
tering phenomenon. By designing a new compound control law,

the chattering phenomenon is eliminated. In addition, maxi-
mum overshoot and undershoot highly decreased. Simulation
results verified the proposed control method.
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