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Abstract: The deep-sea autonomous underwater vehicle (AUV) is equipment of vital importance
for ocean exploration, monitoring, and surveying. With a variable buoyancy system (VBS), AUV
can achieve rising, diving, and hovering in the water column. This paper proposes a deep-sea AUV
with an oil bladder type hydraulic VBS, which controls the oil flow rate with a proportional valve.
However, the implementation of accurate depth control for AUV faces various challenges due to the
varying water density with depth, the non-linear feature of the hydraulic system, and the disturbance
from sea flows and currents. To tackle these problems, a third-order linear active disturbance
rejection controller (LADRC) and its fuzzy adaptive version were designed and implemented in
MATLAB/Simulink based on the state-space function of the proposed AUV system. Compared with
the conventional PID controller, the simulation results indicate that the proposed LADRC controller
shows strong robustness to disturbance, with other advantages including smaller steady-state error,
overshoot, settling time, and response time. Moreover, the proposed fuzzy LADRC controller could
further decrease the overshoot caused by the increasing target distance. The results prove that the
designed depth controllers can meet the control requirements of the proposed deep-sea AUV.

Keywords: deep-sea AUV; variable buoyancy system; linear active disturbance rejection control;
fuzzy control

1. Introduction

The ocean contains abundant resources and is of much research value [1]. With
the continuous exploration of the ocean, humans have made many discoveries leading to
significant achievements [2,3]. However, the dangers such as high water pressure, darkness,
and fluctuations in ocean currents have considerably constrained deep-sea exploration.
Humans alone can only be maintained in a limited area and depth. For these reasons, the
dangerous task of a deep-diving operation has been drawn towards unmanned systems,
such as remotely operated vehicles and autonomous underwater vehicles (AUVs) [4,5].
AUV is a vessel that can travel underwater for surveys, monitoring, and image capturing
without the need for operator driving [6]. It was developed into many different forms for
completing various missions, e.g., an autonomous buoy used to detect ocean earthquakes
and an underwater glider for large-scale investigation [7,8]. However, the key issue for
long-term working is saving energy. One way to reduce energy consumption is to use a
variable buoyancy system (VBS), which can achieve low energy floating and long-term
hovering of AUV in the water column.

VBS is an essential module for underwater vehicles. At present, there are three main
types to change buoyancy: mass discarding, ballast water, and oil bladder [9]. Mass
discarding VBS is the most straightforward way to obtain extra buoyancy. The vehicle can
float rapidly upward or downward by discarding objects like counterweights or ballast
systems. Benefiting from the reliability and high efficiency, this kind of system is more
commonly used for human-occupied vehicles (HOVs) such as for safeguarding. For
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example, submersibles such as Nautile [10,11], Alvin [12], and Shinkai6500 [13,14] are all
equipped with this system. Compared with mass discarding VBS, ballast water VBS can
repeatedly change buoyancy. It has a fixed drainage volume and changes the vehicle’s total
mass by pumping seawater into a ballast tank or draining water out of it. Thus, the vehicle
buoyancy is further controlled by the water level in the tank.

To overcome external water pressure [15], the ballast water VBS requires a complex
valve system and a high-pressure seawater pump [16], which results in structural com-
plexity. It is commonly used as the main VBS for most HOVs, like Shenhai Yongshi [17]
and JIAOLONG [18]. However, the ballast water VBSs equipped in AUVs are almost
all the on-off type that cannot regulate the flow rate of ballast water and thus limit the
vehicles’ hovering performance in a complex underwater environment [19]. In order to
achieve accurate buoyancy control, the oil bladder type with repeatable two-way buoyancy
regulation is commonly employed. Differing from the ballast water VBS, the oil bladder
VBS is a closed system whose total mass is unchanged. It adjusts the drainage volume of
the vehicle by pumping oil in or out of an external flexible bladder. By installing the hy-
draulic system into a closed pressure tolerant shell with an external bladder, the oil bladder
VBS has the advantages of being compact, energy-saving, and non-polluting. Based on
these advantages, it is often used for accurate depth controlling and as a long deployment
vehicle [20]. For example, an oil bladder VBS for the long cruising range AUV with 1000 m
rated depth and 18 kg buoyancy capacity was presented in ref. [21].

Moreover, many underwater gliders use one or two oil bladders to change the gliding
attitude [22–24]. In [25], a buoyancy engine with a swash-plate type axial piston pump for
underwater gliders was developed. When drawing oil at high water pressure, the pumping
system can work passively, and a damping resistor regulates the motor speed. In [26], a
hybrid oil bladder VBS with a passive accumulator was developed for deep-sea gliders,
which can effectively utilize the ocean pressure differential energy to realize buoyancy
compensation. The main characteristics and differences of the three types of VBS are
compared in Table 1. Besides, a new VBS type based on the phase change of paraffin with
the advantages of silence and miniaturization appears, but it is still under study [27,28].
Due to the advantages of oil bladder VBS, this paper proposes a deep-sea AUV using
an oil bladder VBS with an electro-hydraulic proportional valve to achieve high depth
control performance.

Table 1. Comparison of mass discarding, water ballast and oil bladder VBSs.

Types Adjust Method Adjust Speed Complexity Accuracy

Mass discarding Mass High Simple -
Water ballast Mass Normal High Low
Oil bladder Volume Low Normal High

AUVs need to change working depth frequently to meet the requirements of different
missions. Such as the floating ocean seismograph in [29] needs to have long-term working at
deep-sea level and occasionally to float upward to send data. For energy-saving, using VBS
to control depth is more appropriate than using thrusters, even if it is of lower efficiency. The
main principle of liquid pumping VBS (water ballast and oil bladder) to adjust buoyancy is
by changing the effective volume of liquid. To achieve accurate depth control, a variable
flow rate VBS with a variable pump or flow control valve is better than an on-off type
VBS; meanwhile, an efficient controller is also necessary to be designed. At present, the
common basic control methods mainly include proportional integral and derivative (PID)
control [30], linear quadratic regulator (LQR), and sliding mode control (SMC) [31]. PID
is the most common and easiest to realize control method in engineering because of its
simple structure and no requirement for a system model [32]. In [33], the authors use a PID
controller to realize the depth control of an AUV by the cooperative working of thrusters
and VBSs. In [34], a cascade controller, with a PD upper layer and an on-off type lower layer,
is presented for on-off type ballast water VBS. The simulation results demonstrated that
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the controller has equal display as a variable flow rate VBS. Compared with PID control,
LQR using full state feedback can arrive at higher control performance. For example, an
underwater glider controlled by it can glide along a spiral trajectory as in [35].

However, the full states of AUV are a challenge to measure; thus, an observer is usually
required [36]. Furthermore, fuzzy strategies are often added to a controller to enhance the
transient response [37,38]. In [39], the authors compare the performances of PID, SMC, and
their fuzzy versions for the depth control of AUV. The simulation results demonstrated
that the SMC controller performed better than the PID one, and the fuzzy versions were
better than the normal ones. An SMC controller, with excellent anti-ability to disturbances,
is widely used in the motion control of underwater vehicles. Some novel works related to
SMC theory, such as the dynamic SMC method, the robust sliding mode method, multiple
sliding mode methods, etc., have also been developed in [40–43], which all show superior
control performance to underwater vehicles. However, most AUVs are non-linear with
high-order systems whose accurate models are difficult to obtain. It is also known that water
buoyancy increases with diving depth. For these reasons, model-based control methods
like LQR and SMC are not easily realized. Moreover, a controller’s anti-interference ability
is also essential due to the underwater vehicle probably being subject to disturbances like
uncertain flows and currents. To tackle these problems, the active disturbance rejection
control (ADRC) method may be effective. In [44], an ADRC controller was designed for
AUV pitch angle regulation, the simulation results show good control ability when facing
environmental interference or model change. In [45], the author designed a novel sliding
mode ADRC controller whose linear state feedback part was replaced with a sliding mode
controller. However, these ADRC controllers are relatively cumbersome for parameter
tuning. In this paper, a third-order linear active disturbance rejection controller (LADRC),
with the advantages of good anti-interference and not having to depend on the system
model, was designed to realize the precise depth control for the proposed deep-sea AUV.
Additionally, a fuzzy controller based on the designed LADRC was also developed to
realize better response performance. The LADRC has fewer tuning parameters.

After a brief introduction, this paper is organized as follows. Section 2 analyzes the
forces that AUV is subject to and derives a dynamic model as the controller design basis
with consideration of the influence of seawater density change on the buoyancy. Section 3
describes the designing process of the PID controller, LADRC controller, and fuzzy LADRC
controller. In Section 4, the simulation comparisons of the three controllers with and
without disturbance forces are elaborated, and their characteristic parameters are analyzed.
Finally, some valuable conclusions are presented in Section 5.

2. Dynamic Models

The dynamic model of a time-varying system should be established to describe the
changes in the system variables overtime before design of the controller. In this section, a
deep-sea AUV with a maximum diving depth of 6000 m used for sampling and detecting
is proposed. Its structure and hydraulic VBS are first illustrated. Then the mathematical
model of its hydraulic system is established. Finally, the subjected forces of the AUV in
seawater are analyzed in order to establish the dynamic equation.

2.1. System Description

The proposed deep-sea AUV mainly comprises a protective shell, framework, acoustic
module, batteries, horizontal thruster, pressure-tight glass half-shells, titanium ring, VBS,
and oil bladder. Figure 1 shows its inner structure view, where two pressure-tight glass
half-shells are sealed by a titanium ring to protect the oil submerged hydraulic VBS and
the control panel from colossal water pressure. Typically, a titanium pressure-tight shell is
used to protect the inner system of most underwater vehicles. However, titanium alloy is
expensive and difficult to manufacture, for which two pressure-tight half-shells made of
cheaper and lighter high borax glass are used in this paper. The batteries, encapsulated
in oil to resist water pressure, are installed in the lower layer of the framework to supply
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power, and are also used to stabilize the center of gravity. During AUV working, the VBS
pumps oil into the bladder to increase total buoyancy, for when the AUV floats up; on the
contrary, the hydraulic system allows external water pressure to extrude the oil back to the
VBS from the bladder to decrease total buoyancy, for when the AUV floats down.

Figure 1. Inner view of deep-sea AUV.

In the calculation, the volume of external devices, such as the acoustic module,
thrusters, and batteries, are negligible in the dynamic modeling since they are relatively
small compared to the glass shell and oil bladder. The oil is assumed not to be compressed.
In addition, the density changes of oil and air with temperature are ignored. The main
designed parameters of the proposed AUV are shown in Table 2.

Table 2. Designed parameters of deep-sea AUV.

Parameters Unit Value

Max. depth m 6000
Max. pressure MPa 60

Buoyancy range kg ±20
Oil bladder volume L 40

2.2. Hydraulic VBS

For a deep-sea VBS, hydraulic power is necessary due to the huge water pressure.
Figure 2 shows the hydraulic schematic diagram of the proposed VBS. The whole hydraulic
system is submerged in oil and isolated from seawater by the glass pressure-tight shell.
In order to ensure that the oil can be drained normally, some air should be filled into the
shell and pressurized to reduce the pressure difference between the outer and inner parts
of the shell. The radial piston pump driven by a constant speed BLDC motor supplies
oil with a constant flow rate as the power source. In order to regulate the flow rate of oil
into or out of the oil bladder, an electro-hydraulic proportional reversing valve is used to
achieve continuous regulation. When the AUV sinks into deep water, the control panel
can adjust the displacement of the valve spool to fill, discharge, or cut off the oil supply.
The main operating principle of the VBS is as follows: If the valve spool moves positively,
the bladder will be filled to increase buoyancy. The hydraulic system needs to overcome
external pressure to fill oil into the bladder, for which the relief valve is set to keep the oil
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from having enough back pressure against the seawater. If the valve spool moves in reverse,
the oil will be squeezed back to the VBS by the water pressure, buoyancy decreasing.

Figure 2. Hydraulic schematic diagram of the oil bladder type VBS used in AUV: (1) Oil bladder,
(2) Titanium sealing ring, (3) Glass pressure-tight half-shell, (4) Pressure sensor for internal oil,
(5) Pressure sensor for pump, (6) BLDC motor, (7) High pressure radial piston pump, (8) Relief
valve, (9) Electromagnetic switching valve, (10) Filter, (11) Non-return valve, (12) Electro-hydraulic
proportional reversing valve, and (13) Pressure sensor for oil bladder.

Assuming the spool and orifice of the proportional valve have ideal geometry, for an
open valve, the flow rate passing through it is not only related to the displacement of the
spool but also related to the pressure difference on both sides [46,47]. Due to the oil bladder
contacting with seawater directly, the oil pressure in the bladder can be considered equal to
the water pressure PL, which increases with the water depth h and can be expressed as

PL = ρseagh, (1)

where ρsea is the seawater density function varying with the water depth coming from the
observational data of the South China Sea, which is given by Equation (2). Additionally,
the change of seawater density is also the main factor that causes the system time-varying
which enhances the design difficulty of the controller.

ρsea(h) =

{
1020.56 kg/m3 0 < h < 66.37 m(

26.13e4.674×10−5h − 11.36e−0.01052h + 1000
)

kg/m3 h ≥ 66.37 m
(2)

In order to drain oil out of the VBS, some volume of air should remain inside the glass
shell. Assuming that the inside air is an ideal gas with a pre-charged pressure of Pi0 and
an initial volume of Vi0, with the oil flow out, the air pressure Pi and volume Vi will be
changed, and their relationship can be described by Boyle’s law as

Pi0Vi0
n = PiVi

n = Pi

(
Vi0 −

∫ t

0
qLdt

)n
, (3)
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where n is the adiabatic exponent of air, qL is the flow rate of the oil flow through the valve,
and t is the time start from depth control. By sorting Equation (3), the inner oil pressure,
which is also the air pressure, can be given by

Pi = Pi0

(
Vi0

Vi0 −
∫ t

0 qLdt

)n

, (4)

Then the mathematical relationship between the output flow rate and the displacement
of the valve spool can be described as

qL = Cdωxv

√
2∆Pv

ρoil
, (5)

where Cd is the valve orifice flow coefficient, ω is the throttle area gradient, xv is the
displacement of the valve spool, and the pressure difference of the proportional valve ∆Pv
can be expressed as

∆Pv =

{
Ps − PL xv ≥ 0
PL − Pi xv < 0

, (6)

where Ps is the source pressure determined by the relief valve.
Since the bandwidth of the proportional valve is high enough, a common assumption

is made in many similar works that the dynamic of the valve spool can be neglected [48,49].
The simplified relationship between the spool displacement and the control voltage can be
expressed as

xv = kiui, (7)

where ki is the dynamic proportional coefficient of the valve, ui is the control voltage. Then,
by inserting Equation (7), Equation (5) can be further expressed as

qL = Kvui
√

∆Pv, (8)

with Kv = Cdωki

√
2

ρoil
.

2.3. AUV Dynamic Model
2.3.1. Assumptions

The motion of an underwater vehicle can be decomposed into six independent degrees
of freedom, namely three translations of surge, sway, and heave, and three rotations of roll,
pitch, and yaw. In this paper, the depth of the AUV is the main control target. Hence only
the heave motion of AUV needs to be concerned in the mathematical modeling. To simplify
the mathematical model, several simplifications were made for numerical simulations of
the AUV motion, which were as follows:

1. The motion of the AUV in surge, sway, roll, pitch, and yaw directions was neglected;
2. The oil bladder was filled with about 20 L (half of the total volume) of oil to balance

gravity. The AUV had neutral buoyancy;
3. The origin of the body-fixed coordinate of the AUV was located at its center of gravity,

which is also the ball center of the glass shell.

2.3.2. Mathematical Model

A deep-sea AUV is mainly subjected to four forces, i.e., buoyancy, water resistance,
disturbance, and gravity. According to Newton’s second law, the dynamic equation can be
obtained as

M
..
δ = B−W − R + d, (9)
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where M = m + madd, m is the total mass of AUV, madd is the added mass,
..
δ is the depth, W

is gravity, B is the total buoyancy, R is the water resistance, and d is the disturbance force.
Here, the added mass comes from the mass of the surrounding water driven by the

unsteady movement of the vehicle. For an approximately spherical VBS, the calculation
formula of its added mass is given by

madd =
1
2

ρseaVs, (10)

where Vs = 4/3πr3 is the volume of the spherical VBS, and r is its radius. The water
resistance is caused by the liquid viscosity, which can be calculated by

R =
1
2

CDρsea
.
δ
∣∣∣ .
δ
∣∣∣As, (11)

where CD is the flow coefficient related to the Reynolds number and the geometry shape [50],
As = πr2 is the cross-section area of a sphere. The flow coefficient is usually estimated as
CD = 0.4 for an ellipsoidal underwater vehicle [51].

Assuming the oil bladder has been filled with a little oil to counteract the gravity of
AUV after diving, based on this premise, the VBS could regulate the residual buoyancy
by adding or removing oil in the oil bladder. Therefore, the gravity and initial drainage
volume of the AUV could be ignored in the analysis. The residual buoyancy of AUV is
denoted by Br, which can be described as

Br = B−W = ρseag
∫ t

o
qLdt, (12)

where δ is the depth of AUV, g is the acceleration of gravity.
After eliminating the influence of gravity, the gravity balanced dynamic model for

AUV depth control can be expressed as

M
..
δ = Br − R + d, (13)

In order to simplify the controller design, the system dynamic equation needs to be
transformed into a state-space equation. However, the residual buoyancy Br is an integral
term about the flow rate qL, which means the dynamic equation is not the simplest. By
inserting Equations (8), (11), and (12) into Equation (13) and differentiating it, the integration
could be eliminated. The new third-order dynamic equation can be expressed as

M
...
δ = Kvρseag

√
∆Pvui − CDρsea As

∣∣∣ .
δ
∣∣∣ ..δ + .

d, (14)

Therefore, choosing the system state variable as: x =
[

δ
.
δ

..
δ
]T

. According to
Equation (14), the state-space equation and output equation of the proposed AUV system
are given by

.
x =

 .
x1.
x2.
x3

 =

 x2
x3

f1(x2, x3) + f2(∆Pv)ui + D

, (15)

y =
[

1 0 0
]
x, (16)

with f1(x2, x3) = −CDρsea As
M |x2|x3, f2(∆Pv) =

Kvρseag
M
√

∆Pv, and D =
.
d
M .

Equation (16) shows that the dynamic system of the proposed AUV has properties
of non-linear, time-varying, and high-order, which enhance the design requirements of
the depth controller. In the numerical simulation sections, the AUV system is established
by MATLAB/Simulink to test the performance of the designed controllers. The major
parameters it uses are listed in Table 3.
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Table 3. Designed parameters of deep-sea AUV.

Parameters Numeric Values Physical Significance

m 80 kg Net weight of AUV
r 0.5 m Spherical shell radius

Ps 60 MPa Set pressure of relief valve
Pi0 0.1 MPa Initial air pressure
Vi0 30 L Initial air volume
n 1.4 Adiabatic exponent of air

Cd 0.61 Orifice flow coefficient of proportional valve
ω 3.14 mm2 Throttle area gradient of proportional valve

ρoil 860 kg/m3 Oil density
ki 5 × 10−5 m/V Proportional coefficient of the valve

CD 0.4 Flow coefficient of AUV in heave direction

3. Controller Design
3.1. Depth Control Principle

The depth control for an AUV is realized by its VBS and depth controller. Figure 3
shows the control diagram for AUV depth control, in which the VBS is an actuator that
drives the AUV to achieve heave motion. The depth controller takes the expected depth δd
as input. By measuring the AUV depth with a depth sensor or observing the system states
to form a closed-loop system, the controller can continuously adjust the AUV to arrive at
the expected depth.

Figure 3. Depth control diagram of AUV.

Assuming the actual depth of AUV can be accurately measured by a depth sensor
without noise, additionally, the non-linear features of the proportional valve and the
variation of seawater density can be ignored in the process of controller designing. However,
they are established in the system simulation and serve as a test of controller robustness.
The seawater density is regarded as a constant value of ρsea = 1024 kg/m3. The flow rate of
the proportional valve is regarded as a linear relationship with the input voltage thereof,
which is

qL = Kui, (17)

where K is the linear gain of the proportional valve from its input voltage to output flow
rate. By inserting Equation (17) into Equation (15), the system state-space equation for
controller designing is

.
x =

 .
x1.
x2.
x3

 =

 x2
x3

f1(x2, x3) + Kiui + D

, (18)

with Ki =
Kρseag

M .
Sections 3.2–3.4 will propose different depth controllers for comparing the control

performance, including conventional PID controller, LADRC controller, and fuzzy LADRC
controller. Their design processes and analysis are as follows.
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3.2. PID Controller

PID is the most extensively used control method in the industry. It takes the deviation
between the expected and feedback signal as input, output, the sum of the deviation,
deviation integral, and deviation differential. The PID control law of the depth control for
AUV is expressed as

ui = KPe + KI

∫ t

0
edt + KD

.
e, (19)

where KP, KI, and KD are the controller gains of proportional, integral, and differential,
respectively, and e = δd − δ is the feedback error.

3.3. Linear Active Disturbance Rejection Controller (LADRC)

ADRC is a control method that aims to observe the total disturbances of the system
and eliminate them [52]. The stability analysis for this control method can be found in many
studies [53,54], hence it is not dealt with in this paper. Figure 4 shows the control diagram of
a third-order linear ADRC controller. There are three main parts in the controller, tracking
differentiator (TD), linear extended state observer (LESO), and linear state error feedback
control law (LSEF), by which the depth of AUV can be controlled. They are respectively
presented as follows.

Figure 4. Diagram of the third order LADRC controller.

3.3.1. Tracking Differentiator (TD)

TD is a dynamic system that aims to track the expected input, arrange the transition
process, and give high-order differentials. A step signal with the expected depth is generally
and used as an input signal during the depth control process. However, it may abruptly
increase the controller output to achieve saturation, so arranging a transition process can
alleviate this sudden change.

For the third-order system of Equation (15), a third-order ADRC controller is chosen
to stabilize its whole states. Therefore, a third-order TD is also needed to match the
controller. Equation (20) gives a simple third-order system without overshoot, suitable as
the required TD [55].

TD3(s) =
r3

(s + r)3 , (20)

where r is named as the speed factor. From Equation (18), its state-space equation is
expressed as

.
v =

 0 1 0
0 0 1
−r3 −3r2 −3r

v +

 0
0
r3

δd, (21)

with v = [v1 v2 v3]T, where v1, v2, and v3 are the tracking value, first-order differential, and
second-order differential of the expected depth, respectively.
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3.3.2. Linear Extended State Observer (LESO)

As the most critical part of an ADRC controller, the extended state observer is used to
observe the system states, in the meantime, estimate the total disturbance in the system
and extend it to a higher-order new state [56,57]. Total disturbance includes unmodeled dy-
namics and internal and external disturbances. For the system described by Equation (18),
the LESO can be designed as

.
^
z = A

^
z + Bui +βêo, (22)

with
^
z =


δ̂
.
δ̂
..
δ̂
w

, A =


0 1 0 0
0 0 1 0
0 0 0 1
0 0 0 0

, B =


0
0
b
0

, and β =


β1
β2
β3
β4

,

where δ̂ is the observed value of the AUV depth, w is the total disturbance, b is the
input gain, β1, β2, β3, and β4 are the observer gains, and êo = δ− δ̂ is the observing error.
According to [53], all the observer poles could be arranged at ωo named as the observer
bandwidth, then the observer gains can be expressed as functions of ωo, that is

β =
[

4ωo 6ωo
2 3ωo

3 ωo
4 ]T , (23)

This formula reduces the number of uncertain parameters in LESO from five to two
(ωo and b), making parameter tuning easier. Here, the observer bandwidth ωo determines
the convergence speed of LESO. The higher it is, the faster the LESO becomes stable, but
it is easier to amplify the noise. Additionally, the input gain b should be as similar to the
original system as possible, chosen as b = Ki in this paper.

When LESO achieves stability, the depth, speed, and acceleration of AUV will be
observed, the total disturbance will tend to w→ f1(x2, x3) + D and can be eliminated by
taking the controller output as

ui =
uo − w

b
, (24)

After that, the dynamic system of Equation (18) is compensated to a third-order
integrator, which can be controlled by full state feedback.

3.3.3. Linear State Error Feedback (LSEF) Control Law

For the third-order integrator after compensation, the LSEF control law could be
expressed as

uo = K1
(
v1 − δ̂

)
+ K2

(
v2 −

.
δ̂

)
+ K3

(
v3 −

..
δ̂

)
, (25)

where K1, K2, and K3 are the feedback gains of depth, speed, and acceleration, respectively.

3.4. Fuzzy LADRC Controller (F-LADRC)

In order to enhance the performance of the LADRC controller, a fuzzy logic method
was designed for the LSEF of Section 3.3.3 to allow time-variable tuning of the depth
and speed feedback gains. The block diagram of the designed fuzzy LSEF is as shown in
Figure 5, in which the depth and speed feedback gains could be calculated by{

K1 = K10 + λ1∆K1
K2 = K20 + λ2∆K2

, (26)

where K10 and K20 are the initial feedback gains of controller, λ1 and λ2 are the correction
factors which are used to adjust the influence from the fuzzy rules to the controller, ∆K1
and ∆K2 are the adaptive parameters used for regulating the values of K1 and K2 by the
fuzzy inference part.



Machines 2022, 10, 163 11 of 20

Figure 5. Diagram of the fuzzy LSEF.

The fuzzy inference part takes the input of the depth error e1 and speed error e2, and
∆K1 and ∆K2 as outputs. Due to the acceleration feedback only being used to suppress the
high-order dynamic of the system, a fuzzy adjustment is not needed for it. According to
the fuzzy logic methods, the fuzzy inference part can dynamically tune the feedback gains
of LSEF control law to adapt to the actual requirement of the controller.

The fuzzy inference is constructed by the fuzzy rules and the membership functions.
The fuzzy rules are shown in Table 4, in which negative big (NB), negative middle (NM),
negative small (NS), zero (ZO), positive small (PS), positive middle (PM), and positive
big (PB) are the fuzzy subsets used to describe the fuzzy domains of input and output
variables. For example, when e1 is characterized as NB and e2 is characterized as PB, then
the corresponding table entry ZO/PS indicates the fuzzy values returned for ∆K1 and ∆K2,
respectively. The relationship can also be indicated by a fuzzy rule: if e1 is NB and e2 is
PB, then ∆K1 is ZO and ∆K2 is PS. In this paper, all fuzzy domains are chosen for the unit
range [−1, 1] as they are easy to match the system requirement by regulating the correction
factors. Additionally, the membership functions of the input and output variables are
chosen as triangular types. The fuzzy inference process contains the following steps:

1. Converts the input values e1 and e2 to the fuzzy subsets by membership functions;
2. Returns the output fuzzy subsets according to the fuzzy rules;
3. Converts the output fuzzy subsets to output values ∆K1 and ∆K2.

Table 4. Fuzzy rules for ∆K1 and ∆K2 with inputs e1 and e2.

∆K1/∆K2 e2

e1 NB NM NS ZO PS PM PB

NB NB/PS NB/NS NM/NB NM/NB NS/NB NS/NM ZO/PS
NM NB/PS NB/NS NM/NB NS/NM NS/NM ZO/NS PS/ZO
NS NM/ZO NM/NS NM/NM NS/NM ZO/NS PS/NS PM/ZO
ZO NM/ZO NM/NS NS/NS ZO/NS PS/NS PM/NS PM/ZO
PS NM/ZO NS/ZO ZO/ZO PS/ZO PM/ZO PM/ZO PM/ZO
PM NS/PB ZO/NS PS/PS PS/PS PM/PM PB/PM PB/PB
PB ZO/PB PS/PM PS/PM PM/PM PM/PS PB/PS PB/PB

4. Simulation Results and Analysis

The three controllers designed in Section 3, including PID controller, LADRC controller,
and fuzzy LADRC controller, are implemented and studied with MATLAB/Simulink.
Taking the AUV system described in Section 2 as a controlled plant, the depth control
performance can be compared. In addition, the anti-interference ability of each controller
is also tested by exerting disturbance forces on the AUV. To make sure the comparison
results are reliable, all the controllers were already tuned before simulation. The control
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parameters are listed in Table 5. The fuzzy LADRC controller has the same basic parameters
as the LADRC controller but differs in the fuzzy inference part.

Table 5. Control parameters of different controllers.

Controller Type Control Parameters

PID KP = 0.0022, KI = 1 × 10−5, KD = 2.1

LADRC b = 0.003747, r = 0.14, ωo = 50,
K1 = 120, K2 = 2500, K3 = 20,000

Fuzzy LADRC µ1 = 0.08, µ2 = 10, λ1 = 10, λ2 = 2000
K10 = 120, K20 = 2500, K30 = 20,000

4.1. Without Disturbance

Assuming the AUV has already dived in a water depth of 5000 m, to test the perfor-
mance of the designed depth controllers, three step signals with different desired depths
are applied in the numerical simulations. The desired depths are respectively set at 4990 m,
4950 m, and 4900 m at the first 800 s, then return to 5000 m again. Each simulation lasts
for 1800 s.

The depth control response curves of the AUV system with PID, LADRC, and fuzzy
LADRC controllers are shown in Figure 6a–c, which indicates that the ADRC type con-
trollers are better than the PID controller in entirety. It can be seen from the figures that the
curves of the PID controller oscillate around the desired depths after arriving at them, and
the reason is that the PID controller cannot stabilize the high order dynamic of the AUV
system due to its second-order feature. At the same time, the LADRC and fuzzy LADRC
controllers can well suppress such oscillations. Moreover, the steady-state errors of the
PID controller in the first to third figures increase with the target distance. The reason is
that the water density reduces with the decreasing depth of AUV, which rather decreases
the buoyancy received by the AUV. Therefore, when the depth decreases, it is easier for
the AUV to flow upwards, which manifests as the steady-state error of the PID controller
increasing with the target distance. In contrast, the curves of the two ADRC controllers all
achieve corresponding target depths rapidly without steady-state errors. Another notable
point in Figure 6 is that when diving the AUV has a more severe overshoot than when
ascending. The reason is that the buoyancy of the VBS changes faster when the AUV is
diving. The hydraulic VBS works passively and whose buoyancy when changing speed
mainly depends on the external water pressure. The huge external pressure shrinks the oil
bladder and makes the AUV lose buoyancy rapidly, which manifests as diving overshoot.
Despite this, the ADRC controllers still perform well.

Figure 7a–c shows the control outputs of the PID, LADRC, and fuzzy LADRC con-
trollers corresponding to the three target depths in Figure 6a–c, respectively. It can be seen
that the better performance of the two ADRC controllers is due to the fact that they have
more aggressive outputs, compared to the PID controller. When the target depth changes,
the two controllers regulate the system rapidly and even their outputs reach saturation.
The saturation is acceptable since there is no integral control in the ADRC controller. For
further comparison, characteristic response parameters obtained from the first 800 s of the
simulations are presented in Table 6.
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Figure 6. Control response curves of the AUV system without disturbance force using different
controllers. (a) δd = −4990 m. (b) δd = −4950 m. (c) δd = −4900 m.



Machines 2022, 10, 163 14 of 20

Figure 7. Controller outputs of different target depths corresponding to Figure 6a–c. (a) δd = −4990 m.
(b) δd = −4950 m. (c) δd = −4900 m.
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Table 6. Fuzzy rules for ∆K1 and ∆K2 with inputs e1 and e2.

Controller Target Distance (m) Rise Time (s) 5% Settling Time (s) Steady-State
Error (m) Max. Overshoot (%)

PID
10 91 198 −0.01 (Average) 2.2
50 185 384 −1.6 (Average) 15.86
100 236 537 −3.6 (Average) 26.01

LADRC
10 41 48 0 0
50 80.5 85 0 5.62
100 124 193 0 14.62

F-LADRC
10 40 47.5 0 0
50 86 94 0 0.74
100 125.5 176 0 7.53

Compared with the PID controller, the LADRC controller can achieve better perfor-
mance with the rise time reduced by at least 54.9%, the settling time reduced by at least
64.1%, the maximum overshoot reduced by at least 43.8%, and without steady-state error.
Moreover, compared with the LADRC controller, the maximum overshoot of the fuzzy
LADRC controller is further reduced by at least 48.5%. To sum up, the simulation results
indicate that in the depth control of the AUV without disturbance, the performance of
the ADRC type controllers is significantly better than the conventional PID controller.
Furthermore, the fuzzy LADRC controller performs better at suppressing overshoot caused
by the time-varying and non-linear features in the AUV system than the LADRC controller.

4.2. With Disturbance

Deep-sea AUV may be subject to various uncertain interferences from sudden currents
and mass changes. To analyze the anti-interference ability of the three designed controllers,
two types of disturbances include step force and sine force, are considered.

The response curves of the three controllers in the presence of the static disturbance
force are shown in Figure 8. An upward step force of 5 N is imposed on the AUV in the
600th second to study its mass changing. It can be seen from the figure that the ADRC type
controllers have better anti-interference ability and adaptability than the PID controller.
Both ADRC controllers have similar response curves with a maximum rising distance of
0.27 m, which is much lower than the value of the PID controller, 7.41 m.

Figure 8. Control response curves of the AUV system with step disturbance force. (a) Depth response
curves of different controllers. (b) Magnified view of depth response curves.

Moreover, the response curves of the three controllers in the presence of the sine
disturbance force given by Equation (27) are shown in Figure 9, with their corresponding
characteristic parameters being summarized in Table 7. The disturbance period is chosen
as 10 s since it is in the common current period range of about 7~12 s. Due to the existence
of the sine disturbance force, the steady-state error of each curve should be estimated on
average. It can be found from the figures and table that the ADRC type controllers are
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unaffected by the disturbance force. However, the disturbance force causes a tiny oscillation
on the PID controller’s curve and worsens its performance.

d = 2 sin(0.2πt), (27)

Figure 9. Control response curves of the AUV system with sine disturbance force. (a) Depth response
curves of different controllers. (b) Magnified view of depth response curves.

Table 7. Characteristic parameter comparison for the response curves in Figure 8.

Controller Rise Time (s) 5% Settling Time (s) Average Steady-State Error (m) Max. Overshoot (%)

PID 94 194 0.19 0
LADRC 42.5 49 0 0

F-LADRC 42 48 0 0.2

Figure 10a,b show the controller outputs when the system faces the two types of
disturbance, respectively. It can be seen from Figure 10a that the ADRC controllers can
quickly adjust the system from the effect of disturbance. Moreover, Figure 10b shows how
the ADRC controllers compensate for the influence of sine disturbance on the system, which
proves that the designed controllers are efficient and reliable when facing disturbance.

Figure 10. Controller outputs of the AUV system with two types of disturbance force. (a) Step
disturbance. (b) Sine disturbance.

To further quantify the influence of the disturbance force on the controllers, the
corresponding characteristic parameters in Tables 6 and 7 were compared, and their changes
are shown in Table 8. The parameter changes of the LADRC and fuzzy LADRC controllers
are less than that of the PID controller. Only the settling time of the PID controller changes
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significantly because of the disturbance. Therefore, the designed LADRC and fuzzy LADRC
controllers have a better anti-interference capability and robustness when facing static or
sine disturbance.

Table 8. Changes of the characteristic parameters when adding the sine disturbance force.

Controller Rise Time (s) 5% Settling
Time (s)

Steady-State
Error (m)

Max. Overshoot
(%)

PID +3 +103 +0.2 –2.2
LADRC +1.5 +1 0 0

F-LADRC +2 –0.5 0 +0.2

5. Conclusions

This paper proposes a deep-sea AUV with oil bladder type VBS. The mathematical
model of the hydraulic VBS and the dynamic model of AUV was established, considering
the variation of seawater density with depth, and the non-linear features of the proportional
valve and inner air pressure. According to the system model, three depth controllers
including PID controller, LADRC controller, and fuzzy LADRC controller were designed
and implemented with MATLAB/Simulink. By simulating the processes of rising and
diving in deep water with and without disturbance forces, the three controllers’ control
performance and anti-interference capability were compared. The results demonstrate that
in both cases, the LADRC and fuzzy LADRC controllers could rapidly achieve the desired
depth with small rise time, settling time, steady-state error, and overshoot, which indicates
they have advantages of high accuracy and fast response. In addition, compared with
the LADRC controller, the fuzzy LADRC controller could better suppress the overshoot
caused by the non-linear and time-varying features of the system. Both ADRC type
controllers perform excellently in the anti-interference aspect, no matter whether facing
a step disturbance or a sine disturbance. They can quickly adapt to the disturbance and
re-stabilize the AUV depth with nearly no steady-state errors and overshoots. Therefore,
it can be concluded that the designed LADRC controller and fuzzy LADRC controller
could satisfy the depth control requirements of the proposed deep-sea AUV. The fuzzy
LADRC controller could further decrease the overshoot of AUV depth and improve the
control performance.

In the practical application of depth control for the similar deep-sea AUV, if the
computing power of the onboard processor is not sufficient to support fuzzy inference
programs, the LADRC controller can also achieve good control performance. If both better
depth response performance and lower overshoot are required, a fuzzy LADRC controller
with a high-performance processor is essential. In the next step of our work, a maritime
experiment of depth control for the proposed deep-sea AUV system will be carried out to
test its practical performance.
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