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Abstract—In practice, a PID controller has been used most
commonly to control underwater vehicles. However, PID con-
trollers suffer significant loss of performance due to integral
windup when used in the system with actuator saturation.
In this paper, we propose a dual-loop VSPID controller with
anti-windup to reduce the integral-windup effect. We tested
the proposed method using an real autonomous underwater
vehicle and confirmed that the method successfully decreased
the integral-windup effect.

Index Terms—Dual-loop; Cyclops; controller structure.

I. INTRODUCTION

Autonomous underwater vehicle (AUV) are increasingly
important in exploring underwater environments. Typical tasks
are geological surveying and data collection. For underwater
surveys using AUV, precise control/attitude control is very
important because the quality of obtained data is closely
related to it. However, control of an AUV is difficult due to
coupled nonlinearities, parameter uncertainties resulting from
poor knowledge of hydrodynamic coefficients, and external
disturbances such as ocean currents and waves. So, during the
past few decades, a number of research results that deal with
these issues have been reported.

Various control strategies have been proposed. Key ap-
proaches include PID controller [1][2], sliding mode controller
[3][4], H∞ controller [5][6], and backstepping [7].

In practical applications, the PID controller has been used
most commonly among the aforementioned controllers be-
cause of its simplicity in tuning for improving performance
and robustness. The decoupled PID controller was applied
to AUV, developed at the Norwegian Defence Research Es-
tablishment, for steering, diving, and speed control [1]. The
dual-loop PID controller has also been applied to the remotely
operated vehicle (ROV), developed at the CNR-IAN Robotics
Department, for speed control [2]. But these PID controllers
suffer significant loss of performance due to integral windup
when used in a system in which actuator saturation occurs. The
integral windup may cause significant overshoot that requires
a long time for recovery.

To overcome this problem, a single-loop PID controller with
anti-windup has been introduced for a torpedo-type AUV [8]
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and a hovering-type AUV [9]. But, the anti-windup technique
has not been used in the dual-loop PID controller. The dual-
loop controller shows a better performance than the single-
loop controller, because inner-loop controller can reduce the
variation of hydrodynamics and reject disturbances quickly
[10].

In this paper, we propose a dual-loop PID controller with
anti-windup for AUV. The proposed control scheme consists
of three elements. First, the feedback term compensates for
the nonlinear part of the system. Then, the PID controller
with anti-windup in the inner-loop stabilizes the dynamics
in advance. Finally, the PID controller with anti-windup in
the outer-loop makes the whole closed-loop system stable.
The proposed controller is developed based on the variable-
structure PID (VSPID) structure with anti-windup [11]. A con-
ventional anti-windup technique prevents the integral windup
by using the actuator limits only. But the anti-windup tech-
niques in the proposed control scheme prevent integral windup
by using the actuator limits in the inner loop and the velocity
limits in the outer loop.

This paper is organized as follows. In Section 2, the system
modeling is derived. In Section 3, the proposed controller is
presented. The experimental setup and results are presented in
Section 4. Finally, conclusion is drawn in Section 5.

II. SYSTEM MODELLING

A. AUV modelling

The motion of the AUV can be described by using a body
frame relative to a navigation frame (Fig. 1). The body frame
is composed of the linear and angular velocities [u v w p q r];
the navigation frame is composed of the position and the
orientation [x y z φ θ ψ]. In this paper, neglecting heave, roll
and pitch motions, we consider the motions in the horizontal
plane corresponding to motion components such as the linear
and angular velocities [u v r], and the position and orientation
[x y ψ]. The 3-degree of freedom (DOF) horizontal plane
model has been presented in [2], and the hydrodynamics of
the AUV is described as follows:

muu̇ = mvvr − kuu− ku|u|u|u|+ Fu, (1)
mv v̇ = −muur − kvv − kv|v|v|v|+ Fv, (2)
Ir ṙ = −(mv −mu)ur − krr − kr|r|r|r|+ Tr, (3)

where u and v are the linear velocities in surge and sway,
and r is the rotational velocity in yaw; mu and mv are the
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masses in surge and sway and Ir is the moment of inertia in
yaw; ku/ku|u, kv/kv|v| and kr/kr|r| are the linear/quadratic
damping coefficients in surge, sway and yaw, respectively; Fu

and Fv are the external forces acting on the vehicle in surge
and sway, respectively; and Tr is the external torque on the
vehicle in yaw.

The kinematics of the AUV is described as follows:

ẋ = u cosψ − v sinψ, (4)
ẏ = u sinψ + v cosψ, (5)

ψ̇ = r, (6)

where x, y and ψ are the position and the orientation in surge,
sway and yaw motions, respectively.

Fig. 1. The navigation and body frames.

B. Actuator modelling

Comparing to the AUV’s time constant, the actuator sys-
tem’s time constant is small, so we neglect the actuator
dynamics, and the resulting actuator system can be described
as follows:

ui =


c1i+v

2
ti + c2i+vti + c3i+ if vdi+ < vti

0 if vdi− < vti ≤ vdi+
c1i−v

2
ti + c2i−vti + c3i− if vti ≤ vdi−

,

(7)

where ui is its exerted force, vti is its input voltage, vdi+ and
vdi− are upper and lower bounds of each actuator deadzone,
c1i+, c2i+, c3i+, c1i−, c2i− and c3i− are constants for i =
1, ..., n with n being the number of the actuators.

III. CONTROLLER DESIGN

A. Dual-loop VSPID controller with anti-windup

Each motion in surge and sway is coupled with the motion
in yaw, and each dynamics in surge and sway has nonlinear-
ities. This coupling and nonlinearity can degrade the control
performance and even cause the system to become unstable. To
overcome this problem, we design the controller in surge and
sway in conjunction with an autopilot for heading control and
adopt the feedback linearization technique. Because we adopt
these techniques, the coupling and nonlinearity terms do not
affect the dynamics of the AUV, and the resulting dynamics
in surge and sway are described as follows:

muu̇ = −kuu+ Fu, (8)
mv v̇ = −kvv + Fv, (9)

In this stage, we stabilize the above first-order dynamic
systems by using the VSPID controller with anti-windup. The
VSPID controller (Fig. 2) feeds the difference between the
target input and force limits back to the integral term when
the switching condition is satisfied, i.e.,

ei1 =


Kp1

Ti1
e1 + α1F̄

if F̄ 6= 0 and
e1(F ∗ − Fmax+Fmin

2 ) > 0
Kp1

Ti1
e1 otherwise

, (10)

where

F̄ =


F ∗ − Fmax if Fmax < F ∗

0 if Fmin < F ∗ ≤ Fmax

F ∗ − Fmin if F ∗ ≤ Fmin

, (11)

α1 is the design parameter, Fmax is the maximum value of
the force input, Fmin is the minimum value of the force input,
and e1 = V ∗−V where V ∗ is the target velocity and V is the
velocity. Comparing to the conventional anti-windup scheme
with back-calculation, the anti-windup technique of the pro-
posed controller can keep F close to F̄ during saturation so
that the controller returns to linear operation as fast as possible
[12].

Finally, we stabilize the whole system including the kine-
matics by using the VSPID controller with anti-windup in
the outer-loop (Fig. 3). The outer-loop controller structure
is the same as the inner-loop controller structure. The main
difference lies in using the velocity limits to implement the
anti-windup. So, the outer-loop controller feeds the difference
between the target velocity and the velocity limits back to the
integral term when the switching condition is satisfied, i.e.,

ei2 =


Kp2

Ti2
e2 + α2V̄

if V̄ 6= 0 and
e2(V ∗ − Vmax+Vmin

2 ) > 0
Kp2

Ti2
e2 otherwise

, (12)

where

V̄ =


V ∗ − Vmax if Vmax < V ∗

0 if Vmin < V ∗ ≤ Vmax

V ∗ − Vmin if V ∗ ≤ Vmin

, (13)

α2 is the design parameter, Vmax is the maximum value of
the velocity, Vmin is the minimum value of the velocity, and
e2 = R− P where R is the reference command and P is the
position signal. The schematic diagram of the AUV control
system is shown in Fig. 4.

B. Force distribution

Because the number of actuators is larger than the control-
lable DOF in the AUV, we needs to distribute the control
surface forces to each actuator. To do that, we define the
constraint optimization problem as follows [13]:

min
u
J =

1

2
uTWu

subject to F = Bu, (14)
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Fig. 2. Schematic diagram of VSPID controller with anti-windup in the
inner-loop.
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Fig. 3. Schematic diagram of VSPID controller with anti-windup in the
outer-loop.
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Fig. 4. Schematic diagram of AUV control system.

where W is the energy weighting matrix, u = [u1 ... un]T is
the actuator force vector, F = [Fu Fv Tr]T is the force/torque
input vector, and B is the actuator force/torque distribution
matrix. If BW−1BT is nonsingular, one can easily show that

F = B†u, (15)

where B† = W−1BT(BW−1BT)−1. When all actuators
are equally weighted, i.e., W = I, the generalized inverse
becomes B† = BT(BBT)−1.

Remark 1. To tune the inner-loop PID controller gains, we
use the characteristic polynomial for the closed-loop system
as follows [14]:

s2 + (a+ bKp1)s+ bKp1/Ti1, (16)

where a = ku/mu or kv/mv , and b = 1/mu or 1/mv .
Assuming that the desired characteristic polynomial is

s2 + 2ζw0s+ w2
0, (17)

the controller parameters need to become

Kp1 =
2ζw0 − a

b
, (18)

Ti1 =
b

w2
0

Kp1. (19)

The parameters w0 and ζ determine the response speed and
the damping, respectively.

IV. EXPERIMENT

A. Experimental setup

To demonstrate the feasibility of developed controller, it
is applied to Cyclops (Fig. 5), an AUV developed at the
Hazardous Environmental Robotics Laboratory at the Pohang
University of Science and Technology (POSTECH). This AUV
is equipped with two actuators for surge motion, two actuators
for heave motion, four actuators for sway and yaw motion, a
Doppler velocity log for measuring the positions and the ve-
locities, and a fiber-optic gyro unit for measuring the heading
and the yaw rate. The developed controller is implemented in
a computer system in Cyclops at a 100-ms sampling interval.
The computer system consists of two PC104 modules. The
real time operating system that runs on the computer system
is Windows XP. The controller is programmed using Visual
Studio 2008.

Fig. 5. Structure of Cyclops underwater vehicle.

Surge and sway motion control tests were carried out in an
engineering basin in conjunction with the autopilot for heading
control (Fig. 6). The engineering basin is located at the Korea
Institute of Robotics and Convergence, and its size is about
12x8x6 m [15].

In the proposed control scheme, the each VSPID controller
is used in both the inner- and outer-loops for both surge and
sway directions. The gains of inner-loop VSPID controllers
were obtained based on the parameters: ζ = 2.5, w0 = 0.01,
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Fig. 6. Cyclops underwater vehicle in the engineering basin.

α1 = 0.01 in surge and ζ = 21, w0 = 0.005, α1 = 0.01
in sway. The gains of outer-loop VSPID controllers were
obtained experimentally as Kp2 = 0.5 Td2 = 0, Ti2 = 2500,
α2 = 0.0015 in surge and Kp2 = 0.7, Td2 = 0, Ti2 = 700,
α2 = 0.002 in sway.

By using each actuator’s limits, the force limits can be
easily obtained as Fmax = 2 and Fmin = −2 in surge, and
Fmax = 4 and Fmin = −4 in sway. By applying the maximum
force input to the AUV in surge and sway directions, we can
obtain the velocity limits as Vmax = 2 and Vmin = −2 in
surge, and Vmax = 3 and Vmin = −3 in sway.

The actuator force/torque distribution matrix B is defined
as

B =1 1 0 0 0 0
0 0 1 1 −1 −1
0 0 dc sin(θc) −rc sin(θc) −rc sin(θc) rc sin(θc)

 .
(20)

where rc is the distance from the center of gravity of the AUV
to the point where each actuator force acts, and θc is the angle
between position and force vectors. Here, rc = 580 mm and
θc = 115.5◦ . The actuator force vector u = [u1 ... u6]T

where u1 and u2 are the actuator forces for surge motion, u3,
u4, u5 and u6 are the actuator forces for sway motion (Fig.
5). The energy weighting matrix W is the identity matrix.

Other controller parameters were determined based on the
actual measurements and system identification techniques and
are listed (Tables I and II).

B. Experimental results

We applied the developed controller to the real AUV. Under
the above parameter settings and step input command (R = 1
m), the command input response in surge direction shows the
large percentage overshoot and long settling time with the
dual-loop VSPID controller without anti-windup (Fig. 7). On
the other hand, the command input responses have a small
percentage overshoot and short settling time with the dual-
loop VSPID controller with anti-windup. The command input
responses in sway show similar results, but the response with
anti-windup techniques shows not only a small overshoot but
also an undershoot due to the large value α1 in sway (Fig. 8).

TABLE I
CONTROLLER PARAMETER VALUES.

The controller parameter Value
Weight of Cyclops in air m (kg) 219.8
Length of Cyclops l (mm) 1477
Width of Cyclops w (mm) 868
Height of Cyclops h (mm) 920
Mass of Cyclops in surge mu (kg) 391.5
Linear drag coefficient in surge ku 16
Quadratic drag coefficient in surge ku|u| 229.4
Mass of Cyclops in sway mv (kg) 639.6
Linear drag coefficient in sway kv 131.8
Quadratic drag coefficient in sway kv|v| 328.3

TABLE II
ACTUATOR PARAMETER IDENTIFICATION RESULTS.

Actuator
c1+ c2+ c3+ vd+number

1 0.3027 -0.4609 0.1516 0.5
2 -0.2978 0.4097 -0.1413 0.5
3 -0.3256 0.5468 -0.2179 0.5
4 -0.3524 0.6428 -0.3325 0.5
5 0.3168 -0.4875 0.1412 0.5
6 0.3304 -0.5153 0.1859 0.5

Actuator
c1− c2− c3− vd−number

1 -0.3266 -0.5388 -0.2919 -0.5
2 0.2867 0.3047 0.033 -0.5
3 0.2889 0.3873 0.086 -0.5
4 0.2744 0.3703 0.099 -0.5
5 -0.2986 -0.3567 -0.075 -0.5
6 -0.2673 -0.3137 -0.073 -0.5

To compare the performance of various controllers numer-
ically, we define the percentage overshoot as the maximum
value minus the step value divided by the step value, and the
settling time as the required time for the response curve to
reach and stay within a range of 5% of the final value.

We examined the percentage overshoot and the setting
time of various controllers (Tables III and IV). The dual-
loop VSPID controller with anti-windup achieves the smallest
percentage overshoot and the shortest settling time among the
three controllers and can be qualified as a good controller
candidate.

TABLE III
THE OVERSHOOT AND THE SETTING TIME OF THE COMMAND INPUT

RESPONSES IN SURGE.

Controller Percentage Settling time (s)Overshoot (%)
VSPID 42.2 28.3

VSPID+Anti-windup 10.2 21.1in the inner-loop only
VSPID+Anti-windup 6.0 14.4
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Fig. 7. The command input responses in surge. Black line: the command
input response with VSPID controller; Red line: the command input response
with VSPID controller with anti-windup in the inner-loop only; Blue line: the
command input response with VSPID controller with anti-windup.
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Fig. 8. The command input responses in sway. Black line: the command
input response with VSPID controller; Red line: the command input response
with VSPID controller with anti-windup in the inner-loop only; Blue line: the
command input response with VSPID controller with anti-windup.

TABLE IV
THE OVERSHOOT AND THE SETTING TIME OF THE COMMAND INPUT

RESPONSES IN SWAY.

Controller Percentage Settling time (s)Overshoot (%)
VSPID 52.9 27.9

VSPID+Anti-windup 25.0 39.4in the inner-loop only
VSPID+Anti-windup 16.5 31.2

V. CONCLUSION

In this paper, we introduce the dual-loop VSPID controller
with anti-windup to reduce the integral-windup effect. To the
best of our knowledge, this is the first attempt to use the
anti-windup technique in the dual-loop PID controller. The
performance of the proposed controller was tested using the
real AUV in surge and sway. The experimental result shows
that the proposed controller significantly reduced the overshoot
as well as the settling time.
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