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ABSTRACT A guidance and control algorithm for the heading control of a large underwater vehicle in
hover state is proposed. The complexity of the flow field makes it difficult to build an accurate mathematical
model for heading control under hover condition. Furthermore, the turning motion in the hover state
causes additional vertical hydrodynamic and pitching moments which may affect the control performance
of depth and pitching, and even bring safety problems. An H∞ synthesis method is proposed, in which
guidance weighting function is designed for the heading control constraints, sensitivity weighting function
for the tracking performance requirements, and uncertainty weighting function for modeling error. Firstly,
the hydrodynamic characteristics and constraints of hover and steering are analyzed, and the mathematical
model is established. Secondly, based on the analysis of the affection of steering motion on depth and
trim state, a control strategy is proposed to suppress interference by setting steering speed and limiting
acceleration, which improves the safety of the control algorithm. And then, a H∞ robust control algorithm
based on three kinds of weighting function is designed. Finally, the method is simulated by using submarine
model and validated by underwater vehicle experiment.The research in this article has potential application
value for safety and low noise performance for the control of large underwater platform and manned
submarines.

INDEX TERMS Hover, underwater vehicle, manned submarine, H∞ robust control, guidance law.

I. INTRODUCTION
Hovering is a manipulation mode maintaining depth and
attitude for underwater vehicle in zero speed or extreme-low
speed state. The manipulation effectiveness of rudder under
this mode is limited, and the control is mainly based on ballast
tank and propeller. Hovering is a very important capability for
autonomous underwater vehicles (AUV) and large underwa-
ter platform.

In the past few years, several hovering unmanned under-
water vehicles have been developed. Hover manipulation
extend the capabilities of underwater robots, allowing them
to performmore complex tasks. These tasks, including under-
water target identification, communications and underwa-
ter docking, which require the ability to hover at a fixed
point. In particular, future underwater robots will replace
humans to do most kinds of underwater work. Hover con-
trol is one of the most important underwater capabilities

The associate editor coordinating the review of this manuscript and

approving it for publication was Jiajia Jiang .

of future AUV. However hovering robots face many kinds
of interference, such as the reaction force of manipulator
motion and interference of environmental factors. In under-
water missions, the robot must maintain its depth, direction
and posture. Therefore, the robot must be able to complete the
motion control of six degrees of freedom in the hover state,
see [1].

On the other hand, hover manipulation is important manip-
ulating means for large underwater vehicles, such as under-
water platform [2] and submarine to achieve depth stability at
zero speed in response to environmental changes in density,
pressure and wave forces. Hover control will effectively sup-
port various military missions, such as missile launch, AUV
deployment and recovery, underwater replenishment, etc.,
see [3], [4]. In case of emergency, the water in the hovering
tank is discharged to reduce the weight of the submarine,
which can effectively enhance the emergency rise capability.
In addition, the main engine will be close and the radia-
tion noise is very small under hovering condition, which is
extremely beneficial for the submarine stealth performance.
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Therefore, the research on the submarine hover control tech-
nology is also highly regarded.

Different hover devices are developed, which puts forward
many requirements for the modeling and control problem of
the hover system, see [5]. For small autonomous underwater
vehicle (AUVs), the hover control is performed primarily by
propellers that track the depth instruction while limiting the
pitch angle. However, for large underwater vehicles such as
manned submarines, the traditional hover control system is
completed by hydraulic pumps and ballast tanks, and aux-
iliary thrusters is redundant, inevitably resulting in radiated
noise. Ballast water tank specially designed for hovering,
mainly located near the center of mass along the length of the
submarine, see [6]. In addition, there are other novel methods
of submarine hover depth control. Buck proposed a jet control
system that controlled the response of four jet hover jets to
offset the reaction forces of circulation, suction and missile,
see [7].

In recent years, people have done a lot of researches on the
hover depth control methods and algorithms of underwater
vehicle. A low-cost, highly mobile underwater vehicle has
introduced internal buoyancy and balance control mecha-
nisms to enable it to hover and carry dynamic loads when
performing a single task, see [8]. This underwater vehicle,
named AMOUR (version 5), can achieve efficient motion
without considering the size of the payload. In reference [9],
aiming at the slight maneuver and slow time-varying char-
acteristics of AUV in the hover process, speed feedback is
introduced on the basis of position closed-loop control to
realize fixed-point dynamic hover of AUV. In literature [10],
a depth and trim control method for large AUV hover state
is introduced, and the control device is a two-tank variable
buoyancy system (VBS). Literature [11] proposes a decou-
pling control algorithm for autonomous underwater vehicle
hovering near the surface. On the basis of decoupling of the
system, two independent actuators (water tank) are used to
control the depth and trim angle of AUV. The paper [12]
discusses fault-tolerant control of a hovering underwater
vehicle with four horizontal thrusters and two vertical
thrusters. Besides, meaningful explorations have been carried
out on AUV hover depth control, including hover motion
modeling and simulation ( [6], [13], [14], [15]), test plat-
form construction ( [16], [17]), high-performance control
algorithm( [7], [8]), etc.

In general, underwater vehicle control is usually decou-
pled into vertical (depth and trim) control subsystem and
horizontal (heading and position) control subsystem. The
work mentioned above mainly focuses on the control
of vertical plane, i.e. depth and pitch control. However,
there is little research on the heading and course control
in hover state. With the development of research, it is
found that the heading control in hover state is also very
important. For underwater robots, the stability of hover
heading and position is crucial to complete the under-
water mission. And for underwater platform and subma-
rine, it must be able to maintain and adjust its heading

under the ocean current condition when hovering for tactical
needs.

It is found that the depth and heading of the hover state
are more susceptible than higher speed state to environmental
interference due to the low maneuvering force. Therefore,
the model uncertainty of hover state has a greater affection
on the control performance and the robust control provides a
considerable option.

The research [19] presents a formulated weighting func-
tion design method in mixed-sensitivity H∞ control system.
In the method, weighting functions can be readily determined
from the analysis of AUV control objectives. And in [20],
authors propose a new method to synthesize a structured
controller for the heading control of Autonomous Underwa-
ter Vehicle (AUV) with two H∞ constraints and two para-
metric uncertainties formulation. A robust adaptive fuzzy
neural network control algorithm is proposed based on a
generalized dynamic fuzzy neural network (GDFNN) and
PID algorithm, for heading the control of the unmanned
marine vehicle (UMV) in the presence of a complex environ-
ment disturbance [21].

The hovering heading control of underwater vehicle
mainly faces several challenges:

(1) Horizontal motion (sway and yaw) in hover state will
bring additional vertical hydrodynamic forces and pitching
moments. These forces are not negligible relative to the hover
depth control forces. The turning motion can cause the boy-
ancy loss and negative trim, and it affects the hover depth
control performance seriously, and even cause safety hazard.
Therefore, the control coupling between vertical plane and
horizontal plane in hover state must be carefully considered.
The problem is particularly acute for large vehicle and sub-
marines, see [18], [22].

(2) In our previous study [23], it was found that the com-
plex flow field around underwater vehicle during turning
motion under hover condition, which affected the operation
efficiency of the propeller, and it was difficult to obtain
accurate mathematical model, thus affecting the performance
of the control algorithm.

(3) Hover is usually a low power and low noise manipula-
tion mode for submarine. Therefore, the control strategy must
be low power consumption and low manipulation frequency,
see [24].

Aiming at the above problems, this article proposes a head-
ing control algorithm based on robust H∞ method. Firstly,
the causes of ship buoyance loss and negative trim during
steering are analyzed. It is found that limiting of steering
acceleration and constant turning velocity can effectively
suppress hydrodynamic affections. Secondly, a guidance law
of constant steering rate is designed, which can effectively
limit the turning rate and acceleration. And then, guidance
law proposed is simplified as weighting function, tracking
performance is described as sensitivity function andmodeling
error is modeled as uncertainty weighting function, and the
design principle of these weighting function is researched
based on robust tracking performance and robust stability.
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For the last, the robust H∞ control law implemented with the
weighting functions.

The ultimate purpose of this article is to provide control
algorithm and scheme for large underwater platform and sub-
marine. Considering the feasibility and safety, the research
is validated on AUV for the first phase. For this reason,
a submarine model is used to simulate and verify the method,
and an AUV is further used to validate the research. The
method proposed in this article may plays an important role in
the safe operation and low noise control of large underwater
platform and submarine.

II. MATHEMATICAL MODEL AND MANIPULATION
CONSTRAINTS FOR HOVER MOTION
The underwater vehicle can be modeled as a rigid body with
six degrees of freedom, and its translational and rotational
equations can be established according to Newton’s laws.
According to Fossen’s scheme in [25], earth fixed reference
frame Oξηζ and body reference frame oxyz shafting are
respectively established, as shown in Figure 1.

FIGURE 1. Reference frame of underwater vehicle.

The linear velocity of the vehicle in ox, oy, oz direction
is u, v,w, the angular velocity is p, q, r , and the forces and
torques are X ,Y ,Z and K ,M ,N , respectively. Then the
dynamic and dynamic moment equations of the vehicle in the
ox, oy, oz direction can be described as

m[u̇−vr + wq+ zG(pr + q̇)] =
∑

X

m[v̇−wp+ ur + zG(qr − ṗ)] =
∑

Y

m[ẇ−uq+ vp− zG(p2 + q2)] =
∑

Z

Ix ṗ+ m[zG(v̇−wp+ ur)] =
∑

K

Iy(̇q)+ (Ix − Iz)rp+ m(zG(u̇−vr + wq)) =
∑

M

Iz(̇r)+ (Iy − Ix)pq =
∑

N

(1)

where Ix , Iy, and Iz are the moment of inertia in the x, y and
z directions, respectively. m is the displacement and zG is the
position of center of gravity in z direction.

When the vehicle hovers underwater, its speed is
approximately zero. Its depth is controlled by either a vertical
propeller or a buoyancy adjustment tank. The main devices of
heading control is the lateral thrusters installed at ship bow or
stern.

Based on the above hypothesis, the dimensionless equation
of the motion of hovering vertical plane can be obtained as
follows:

m[u̇− vr + wq− xG(q2 + r2)− yGṙ + zGq̇]

=
1
2
ρL3 X ′u̇u̇+

1
2
ρL2(X ′uuu

2
+ X ′www

2)+
1
2
ρL4 X ′qqq

2

+
1
2
ρL3 X ′wqwq+ (W − B) sin θ + Vh sin θ

m[ẇ−uq+ vp− zGq2 − xGq̇+ yGrq]

=
1
2
ρL2(Z ′wuw+Z

′
vvv

2
+Z ′0 u

2)+
1
2
ρL4(Z ′ẇẇ+ Z

′

q̇q̇)

+
1
2
ρL3 Z ′quq+

1
2
ρL2 Z ′www

2
+

1
2
ρL3 Z ′vrvr

+(W − B) cos θ + Vh cos θ
(Iyq̇− Ixyqr − r2)− Iyzṙ+m[zg(u̇−vr + wq)− xGẇ]

=
1
2
L5(M ′ẇẇ+M

′

q̇q̇)

+
1
2
ρL4(M ′quq+M

′
www

2
+M ′vrvr)

+
1
2
ρL3(M ′0 u+M

′
wuw+M

′
vvv

2)+WzG cos θ

+BxB cos θ−BzB sin θ
ζ̇ = −uθ + w
θ̇ = q

(2)

where ξ, η, ζ is the position coordinate in the earth fixed
reference frame, φ, θ, ψ is the transverse roll angle, pitch
angle, and yaw angle, respectively. W is the weight of the
vehicle, B is its buoyancy, and Vh is the control variable of
the hover ballast tank. xG, yG, zG is the geometric position
of the center of gravity, xB, yB, zB is the geometric position
of the buoyancy force, and X ′∗,Y

′
∗,Z
′
∗ is the hydrodynamic

coefficients on surge, sway, heave direction, respectively.
Similarly, on the basis of the above hypothesis, the dimen-

sionless equation of the submarine’s zero speed horizontal
motion can be obtained as follows:

m[v̇+ ur − ygr2 + zgqr + xgṙ]

=
1
2
ρL2 Y ′0 u

2
+

1
2
ρL4(Yv̇v̇+ Yṙ ṙ)+

1
2
ρL2 Z ′vuv

+
1
2
ρL3 Z ′rur +

1
2
ρL2 Zvvv2 + YTT

Izṙ − Iyzq̇+ Ixyq2 + Ixyrq
+m[xg(v̇+ ur)− xg(u̇−uv+ wq)]

=
1
2
ρL5(N ′v̇v̇+ N

′

ṙ ṙ)+
1
2
ρL3(N ′0 u

2
+ N ′vuv)

1
2
ρL4(Nrur + N ′vvv

2)+ NTT

ψ̇ = r

(3)

where T is the thrust of side propeller, and it denotes the
heading control capability under hover condition. The main
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control device is propeller for the turning manipulation under
hover condition. They are related to propeller diameter Dp,
propeller speed n, inlet velocity Va, water density p, water
viscosity coefficient v and gravitational acceleration g. The
value of thrust T and torque Q can be computed with follow-
ing equation [27]:

T = ρn2D4
pf1

(
Va
nDp

,
nD2

p

v
,
n2D2

p

gDp

)
= ρn2D4

pKT (4)

Q = ρn2D5
pf2

(
Va
nDp

,
nD2

p

v
,
n2D2

p

gDp

)
= ρn2D5

pKQ (5)

where f1 and f2 are nonlinear functions of propeller thrust
and torque coefficient. The thrust coefficient and torque coef-
ficient can be obtained by the open water test of the pro-
peller. Another key parameter of the propeller is the efficiency
factor:

η =
TVa
Qn2π

(6)

The thruster’s thrust coefficient KT and torque
coefficient KQ are related to various factors, which are
affected by factors such as water velocity, wake coefficient
and thrust reduction coefficient, and the installation mode of
thruster and ocean current environment.

The main constrains for hover heading control are dis-
cussed below. Simulation and experimental results show that
the lateral thrusters can produce steering motion, sway veloc-
ity v as well as surge velocity w of a smaller magnitude.
In addition, it is found that steering and lateral motion can
also cause the change of hydrodynamic force in the vertical
plane and the change of pitching moment, that is buoyance
loss and negtive trim.

The main reason for the above problems is that large
underwater vehicles tend to have asymmetrical configuration,
and the horizontal movement will generate additional hydro-
dynamic force in the vertical plane, see Figure 2. As reflected
in the mathematical model, item Z ′vr ,Z

′
vv,M

′
vr ,M

′
vv has a

relatively large value, and evidence can be found in the
literature [25], [26].

FIGURE 2. The shape asymmetry lead to the additional vertical
hydrodynamic forces and moment during hover steering.

On the other hand, the depth manipulation ability under
hover condition is weak, which makes the above problems
more serious.

III. ALGORITHM OF HEADING CONTROL UNDER HOVER
CONDITION
The control algorithm includes two aspects: depth control and
heading control. In this research, we focus on the guidance

and control law for heading steering to avoid the influence
between the two aspects.

A. HOVER DEPTH CONTROL LAW
For the depth control algorithm, the depth deviation and depth
rate of the vehicle is used to synthesize the control force of
Z direction and then convert to the command of ballast tank
or vertical propeller. In our research, a depth controller is
designed by referring to the method in literature [28], and its
form is:

δV = kζ̇ ζ̇
∗
+ kζ̇ |ζ̇ |ζ̇

∗
|ζ̇ ∗| + kp(ζ̇ ∗ − ζ̇ )+ kI (ζ ∗ − ζ ) (7)

where, ζ̇ ∗, ζ ∗, ζ̇ , ζ is the reference depth rate, reference
depth, actual depth rate and actual depth respectively. And
the calculation method is listed below. The above equation
is composed of four terms. The first two terms represent the
feedforward compensation terms of the hydrodynamic force
in the process depth adjustment, kζ̇ and kζ̇ |ζ̇ | is corresponding
hydrodynamic coefficient. The last two terms are typical
PI controllers.

We select the characteristic equation as

s2 + 2σ s+ σ 2
+ ω2

n = 0 (8)

And calculate the control parameters:

kp = 2mσ − kζ̇ − 2kζ̇ |ζ̇ ||ζ̇
∗| (9)

kI = m(σ 2
+ ω2

n) (10)

where m is the displacement of submarine, the reference
depth rate can be calculated with:

ζ̇ ∗ = −λ(ζ − ζ ∗) (11)

ζ ∗ =

∫
ζ̇ ∗dt (12)

λ is the guidance rate parameter, the choice of λ, σ, ωn is
referred to literature [28].

Controller (7) calculates the vertical force for the depth
control. For AUV equipped with vertical thrusters, the con-
trol force is then converted to the balance to each thruster
instruction.

For an AUV or submarine with ballast tanks, a nonlinear
conversion of relay characteristic is required. The relation
curve of input and output of relay characteristic is shown
in Figure 3, the instruction of drainage and injection can
be generated. In the figure, the abscissa is the instruction
of the controller to discharge water, and the ordinate is the
instruction to discharge water, 1 is the drainage, −1 is the
injection, and 0 is the closure of the pipeline.

B. GUIDANCE LAW FOR HEADING CONTROL
The guidance law is used to generate the desired heading
angle and steering rate aimed to limit the variation in weight
and pitch during steering motion and to accommodate the
limitation of the vehicle’s steering capability (propeller out-
put power). The guidance law is particularly important for
large vehicle, due to the weak steering force under hovering
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FIGURE 3. Command principle of ballast tank drainage and injection.

condition. The guidance law is also considered noise radia-
tion and other restrictions.

The input of the guidance algorithm is the target heading
angle, and the output includes real-time heading instruction
and steering speed instruction. The algorithm consists of two
loops. The inner loop is the steering speed planning loop,
which limits the acceleration of steering. The outer loop is the
heading angle planning loop, which limits the steering speed,
and the setting steering speed can be specified in the limiting
module.

The principle of the guidance law is shown in Figure 4.

FIGURE 4. Principle of guidance law for heading control.

The input variables include target heading ϕc, command
steering rate (or maximum steering rate) rc, and maximum
steering acceleration αc. The intermediate variables for inter-
nal calculation include: internal instruction velocity rd , inter-
nal instruction acceleration αd , initial guidance velocity rg0,
guidance velocity rg, and guidance heading ϕg.
The command steering speed rc is used to accommodate

the limitation of buoyance loss and negtive trim, and can be
set by user; Maximum steering acceleration αc is used to
accommodate the propeller’s power output limits, and it can
be calculated with fluid mechanics dynamic.

The guidance process is described as follows:
Initialize the intermediate variablesf rd = 0, αd = 0,

rg0 = 0, rg = 0 and ϕg = ϕ. The guidance heading is the
current actual heading, and other intermediate variables are
set to zero.

Calculate the internal command speed

rd = Kr (ϕc − ϕg) (13)

if |rd | > rc, limit the internal command heading speed:

rd = sign(rd ) ∗ rc (14)

Calculate the internal command of heading acceleration

αd = Kα(rd − rg0) (15)

if |αd | > αc, limit the internal command speed:

αd = sign(αd )αc (16)

Then we can calculate guide velocity with
ṙg0 = αd
ṙg = Kg(rg0 − rg)
ϕ̇g = rg

(17)

where Kr ,Kα,Kg ss the positive coefficient used to adjust
the dynamic characteristics of the start and end stages of the
guidance.

Finally, the guidance heading ϕg and speed rg can be
obtained by integrating the above three formulas.

C. HEADING CONTROL LAW
The propeller is the main device for the hover heading control
of underwater vehicle, and its mathematical model is shown
in (4) (5). The parameters that affect the performance of the
propeller include water velocity, wake coefficient and thrust
reduction coefficient, which make it difficult to obtain an
accurate mathematical model.

For this reason, we use robust H∞ method to synthesize
the hover heading control algorithm.

The regulation schema is shown in Figure 5. φc is the
reference heading angle andW (s) is the weighting function of
the guidance law. WS (s) is the weighted function of tracking
error e, which reflects the suppression ability to disturbance d
of the closed-loop system. WR(s) is the weighted function
of the control inputs u, and it also reflects the range of
uncertainty of the model. z1, z2 is the output of the weighted
function. D(s) is the model for disturbance, and G(s) is the
characteristic of steering dynamic of AUV in hovering state,
and the nominal transfer function is as follows:

G(s) =
q1s+ q0

p2s2 + p1s+ p0
(18)

FIGURE 5. Regulation scheme with weighting functions for control law.

where p0, p1, p2 and q0, q1 is uncertain parameter with a
certain range and is related to sway velocity v of the vehicle.
The nominal model can be obtained by simplifying (3) due to
the independence of horizontal and vertical motion. The value
of u, q, u̇, q̇ is set to zero, and v is set to a small enough value,
then the transfer function between 9 and T can be built. For
the submarine model, The value of v is usually extremely
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small, and equation (18) can be reduced to the second-order
model.

In previous research [23], we found that additive uncer-
tainty was suitable for describing steering dynamic in hover
state.

The control model considering perturbation and uncer-
tainty is shown in the figure, and the tracking error can be
expressed as

e = S(I +1R)−1(r − d) (19)

where, 1 is the additional uncertainty model, and S = [I +
G(s)K (s)]−1 and R = K [I + G(s)K (s)]−1.
For the current control requirements, the weighting

function is selected under the following considerations:
(1) response speed and control accuracy of the vehicle open
loop control system; (2) the modeling uncertainty, especially
the model of lateral propeller. And we get the H∞ control
problem: {

‖WS (s) · S(s)‖∞ < γ

‖WR(s) · R(s)‖∞ < γ
(20)

D. WEIGHT FUNCTION DESIGN AND STABILITY ANALYSIS
According to the tracking performance and stability
requirement, the weighting functions are iteratively design
as follows.

Considering the tracking error e caused by disturbance d ,
for the nominal model(1 = 0, r = 0), we have e = −SDv,
as it shows in Figure 6. To suppress the disturbance, let

WS (s) = w1(s)I (21)

FIGURE 6. Control diagram considering disturbance and uncertainties
model.

where |w1(jω)| ≥ σ̄ [D(jω)] at all frequencies ω ∈ (0,∞).
So the relationship holds

σ̄ [WS (jω)S(jω)] = |w1(jω)|σ̄ [S(jω)] ≥ σ̄ [S(jω)D(jω)] (22)

and it follows

‖Ws(s)S(s)‖∞ ≥ ‖S(s)D(s)‖∞ (23)

And

‖e‖2 = ‖S(s)D(s)v‖2 ≤ ‖S(s)D(s)‖∞‖v‖2 < γ ‖v‖2 (24)

Therefore, it can suppress the affection of disturbance by
designWS (s) with equation (21).

Therefore, the form of the weighting functions are

WS =
s/M + ωc
s+ ωcA

WR = k (25)

where A is the maximum steady accuracy requirement, M is
the peak of sensitivity, and ωc is the prospective bandwidth.

Then considering the robust stability under model
uncertainty 1, let

WR(s) = w2(s)I (26)

where |w2(jω)| ≥ γ σ̄ [1(jω)] at all frequencies ω ∈ (0,∞).
Similarly, we get the relationship

σ̄ [WR(jω)R(jω)] = |w2(jω)|σ̄ [R(jω)] ≥ γ σ̄ [R(jω)1(jω)]

(27)

‖WR(s)R(s)‖∞ ≥ γ ‖R(s)1(s)‖∞ (28)

And it follows with equation (20)

‖1(s)R(s)‖ < 1 (29)

Then the small gain theorem is satisfied, and the closed-loop
system is stable to the model uncertainty 1 by design WR(s)
with equation (25).

In addition, it is desired that σ̄ [G(jω)K (jω)]� 1 in the low
frequency band in order to improve the tracking accuracy, and
it follows R(s) ≈ G−1(s), then we get

‖WR(s)‖∞ < γ ‖G(s)‖∞ (30)

and we get additional design constraints

|w2(jω)| < γ σ̄ [G(jω)] (31)

IV. SIMULATION WITH SUBMARINE MODEL
This part uses a submarine model [26] to verify the pro-
posed algorithm. The submarine discharges 2,352 tons and
is 67 meters long. In order to carry out the simulation experi-
ment, the submarine maintains the hover state at extremely
low speed, and the lateral thrust and torque are applied to
the stern of the submarine to control the heading angle of
submarine.

Firstly, the forward control characteristics of the model
is linearized under the condition of fixed depth of hovering
without speed (u = 0, v = 0,w = 0, p = 0, q = 0), and the
transfer function from the turning thrust to the heading angle
is obtained:

GφT (s) =
−8.1e− 6

s2 + 2.2e− 5s
(32)

In the guidance algorithm design, the range of rc is [0.1,
0.3] o/s, and the selection of αc is 0.01 o/s2.The weight
function selected for the controller is:

W (s) =
5s+ 1

100 s+ 1

WS (s) =
20s+ 0.4

20s+ 0.002
WR(s) = 2e− 4

(33)
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Matlab mixsyn function is used to process the above con-
trol object and weight function, and the generated controller
form is

K (s) =
1447s2 + 24.13s+ 5.30e− 4

s3 + 2.69e− 1s2 + 2.77e− 3s+ 2.74e− 7
(34)

The result robust performance γ = 0.5.

A. SIMULATION 1: SINGLE PROPELLER MODE WITH
SETTING TURNING SPEED 0.1 DEGREES PER SECOND
The first experiment is to simulate a relatively slow steering
conditions. Fig 7, fig 8, fig 9 and fig 10 show the simulation
results under the condition that the initial ballast weight of
the ship is 1.5 tons, the heading change is 150 degrees and
the steering speed is 0.1 degrees/second.

FIGURE 7. Hover depth and ballast variable in simulation 1.

We can see that the heading controller and the depth con-
troller work in sync. During the control process, the depth
control precision is within 0.7 meters and the trim angle is
kept within 0.4 degrees. The performance of the depth control
algorithm, such as the number of water drainage and injec-
tion, are not significantly affected by the steering process. The
related performance is similar with heading keeping process,
see Figure 7.

For the most part, the steering rate keeps 0.1o/s.
No obvious deviation in pitch angle. The algorithm obtains
good control performance, see figure 8. The value of hover
manipulation refers to water injection and drainage, that is,
1 represents water injection, −1 represents drainage, and
0 represents the closure of the hover tank, according to the
principle in Figure 3.

The Figure 9 shows the linear velocity during the hover
turning.It can be seen that steering causes a small range of
variations in speed. Obviously, these small speeds are within
the control error of the submarine and do not affect stability.
The Figure 10 shows the rotation speed and power of the
stern side thruster. The power is higher during the starting
and accelerating stage, while it remains basically unchanged
afterwards, and this control strategy is helpful to maintain
attitude stability.

FIGURE 8. Hover course and pitch variable in simulation 1.

FIGURE 9. Linear velocity relevant variable in simulation 1.

FIGURE 10. Propeller relevant variable in simulation 1.

In summary, the depth control performance is not affected
by the heading change and manipulation in this experiment,
the closed-loop control system in the whole motion process
is stable, and the tracking accuracy of course instruction and
steering speed instruction is considerably high.
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B. SIMULATION 2: SINGLE PROPELLER MODE WITH
SETTING TURNING SPEED 0.3 DEGREES PER SECOND
For the second experiment, a relatively fast steering condition
is simulated.

Figure 11, 12, 13 and 14 shows the simulation results under
the condition of initial unevenness measurement of 1.5 tons
weight, 180 degrees steering and 0.3 degrees/second steering
speed. We can see that the heading controller and the depth
controller work in sync.

FIGURE 11. Hover depth and ballast variable in simulation 2.

FIGURE 12. Hover course and pitch variable in simulation 2.

There is much difference in control performance of
simulation 2 from simulation 1.

In the heading steering, there is obvious buoyance loss
and trim deviation, which disappeared after the process. And
that’s the reasonwhy depth and ballast increase while turning,
as it shows in Figure 11. This is due to the fact that the
steering process changes the dynamic buoyancy and pitching
moment of the submarine, the faster the steering acceleration,
the greater the effect.

That is one of the important reasons for the limited steering
acceleration. In the control process, the control performance
of depth and pitch get worse at start phase compared to
simulation 1. The depth control precision is within 1.4 meters

FIGURE 13. Linear velocity relevant variable in simulation 2.

FIGURE 14. Propeller relevant variable in simulation 2.

and the trim angle is kept within 2.5 degrees. This deviation
is acceptable for subs, but larger deviation must be avoid.

On the other hand, the heading control is not affected by the
depth change, the closed-loop control system is stable during
the latter motion process, and the tracking accuracy of course
instruction and steering speed instruction is high.

Besides, the performance of the depth control algorithms,
such as the number of water drainage and injection, are
obviously affected by the steering process, see Figure 11.
On the other hand, the characteristic of linear velocity and
propeller power are similar to those in simulation 1, as it
shown in Figure 13.

From the view of maneuverability and safety of submarine
(e.g, the pitch angle must be below 5 degrees), the result is
acceptable. But greater buoyance loss and pitch angle must
be forbidden. That means the turning speed must be constant
and acceleration must be limited in hover state.

V. VALIDATION WITH AUV
The ultimate goal of this study is to apply it to large underwa-
ter platform and submarine. However, considering the feasi-
bility and security of the experiment, this research is validated
on AUV in the first phase.

The AUV is 2200 mm long and the displacement
is 68 kg, as shown in Figure 15. The control device contains
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FIGURE 15. The AUV used for the validation of control algorithm.

two horizontal thrusters and two vertical thrusters, which are
placed in the bow and stern respectively. In the experiment,
the depth and pitch is stabilized by the vertical propeller AUV.
And the heading control of AUV was achieved with horizon-
tal propeller, which is used to verify the proposed guidance
algorithm and control algorithm. The mathematical model of
heading movement in researched condition is further simpli-
fied as follows:

myv̇ = Yvv+ Yrr + (1− t)T
Izṙ = Nvv+ Nrr + (1− t)lT
ϕ̇ = r

(35)

where T = Ktn2 is the thrust for heading control,l is the
distance from the center of mass. The simplified form of
transfer function can be obtained based on above model

G(s) =
myls+ (Nv − lYv)

mIzs2 + (−YvIz − myNr )s+ (YvNr − YrNv)
(36)

Due to the influence of water velocity, wake coefficient and
thrust reduction coefficient, it is difficult to obtain accurate
mathematical model. In our previous study, CFD calculation
and parameter identification were used to obtain the param-
eters [23]. It was found that there were obvious differences
in calculated parameters within different experimental sam-
ples. The CFD calculation parameters, identified parameters
of bow propeller experiment and stern propeller experiment
are shown in Table 1 respectively, and the corresponding
frequency characteristics is shown in Figure 16.

TABLE 1. Parameters for steering model under hover condition.

FIGURE 16. Bode diagram under different hydraulic parameters.

For the guidance law, the command steering rate rc is set
as 7 o/s, and the steering acceleration limit αc is 1.5 o/s2.
There are several nonlinear components in the guidance rate,
and the spectrum characteristics can be obtained with the
linear analysis tool of MATLAB. In the controller design,
approximate first-order weighted function W (s)is used to
replace the guidance component, as shown in the figure 17.

FIGURE 17. Spectral characteristics and weighting function of guidance
law.

Through analysis, CFD calculation parameters in Table 1 are
selected as nominal parameters, so the corresponding model
is:

G(s) =
35.7s+ 8.68

2244s2 + 2907s+ 1470
(37)

The range of model uncertainty is also determined with
the parameters in table 1, and the amplitude characteristics
ofG0−G1,G0−G2 andG0−G3 are calculated respectively,
as shown in Figure 18. It can be seen that the additive uncer-
tainty model is approximately constant in the low frequency
band. Based on this features, the weighted function WR is
selected as a constant value, and its range is ‖1G(s)‖∞ <

WR < ‖G(s)‖∞, that is 0.0001 < WR < 0.013.
For weighting functionWS,the maximum steady accuracy

requirementAe is 0.01, the peak of sensitivityMs is 1, the pro-
ceptive bandwidth of closedloop ωc is 0.5.
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FIGURE 18. The range of model uncertainty 1G.

The weighting functions are iteratively designed as follows
W (s) =

s+ 1
10 s+ 1

WS (s) =
s+ 0.5
s+ 0.05

WR(s) = 0.001

(38)

Controller parameters are synthesized with Matlab Robust
Control Toolbox. The final robust performance γ = 0.501,
and the H∞ controller designed is

K (s) =
1400s3 + 2320s2 + 1573s+ 331.8
s4 + 19.9s3 + 42.7s2 + 6.06s+ 0.2

(39)

The frequency response graph of S(s), S(s)K (s), γ /WS (s)
and γ /WR(s) is shown in figure 19.

FIGURE 19. The spectrum of the weighting function.

During the experiment, INS and doppler log were used to
record the AUV state. Figure 20 shows the attitude and pitch
angle in the steering process. AUV completed 300 degree
steering within 50 seconds. It is stable at other steering stages,
and there is no excessive steering speed or acceleration. How-
ever, there is a large deviation at the end stage of the camber
steering (60s ∼ 75s), which may be due to a large tracking
deviation.

During the steering process, the angular velocity of the
three directions is shown in Figure 21. At the beginning
of steering, the turning velocity rises to −7 o/s, and then

FIGURE 20. Course and attitude of AUV during experiment with proposed
control law.

FIGURE 21. Angular velocity of AUV during experiment with proposed
control law.

fluctuates around this value until the end of the steering
process, thus realizing the control requirements proposed by
the guidance algorithm.

The process of linear velocity and depth change is shown
in Figure 22. It can be seen that at the beginning of steering,
both speed and depth has obvious deviation, but remains near
the set value in the subsequent process, which is consistent
with the state change process of simulation results of sub-
marine. The propeller speed during this process is shown
in Figure 23, large fluctuations occur during the turning
process, while other moments are more stable.

On the other hand, the standard PD controller is also
designed to carry out the hover steering experiment, which
do not include guidance law to limit the steering speed and
acceleration in the algorithm. The form of control law is

K (s) =
1000s+ 30
0.1s+ 1

(40)
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FIGURE 22. Linear velocity and depth of AUV during experiment with
proposed control law.

FIGURE 23. Propeller variable of AUV during experiment with proposed
control law.

The results of the steering experiment are shown in the
Figure 24-27. It can be seen that the turning rate and pitch
angle fluctuated in a large range, with the maximum steering
rate of 11 degrees at the beginning and 0 to 4 degrees in the
subsequent stages. Depth control performance deteriorates
due to fluctuations in speed and pitch. These deviations and
fluctuations are acceptable for small AUVs but must be over-
come for large submersibles.

The PD method is inferior to the robust method in terms of
safety and low-noisy manipulation.

As we can see, the guidance and control algorithm pro-
posed can realize the AUV heading control in the hover state.
The algorithm can control heading speed to set value, thereby
limiting the affection on the vertical control performance
while heading steering, and then avoid frequent manipulation
of vertical plane. Predictably, when the heading acceleration
is set to small enough, depth and pitch angle of deviation at
initial point will be cleared up.

In summary, our control algorithm is expected to improve
hover heading control performance. The proposed approach

FIGURE 24. Course and attitude of AUV during comparative experiment.

FIGURE 25. Angular velocity of AUV during comparative experiment.

FIGURE 26. Linear velocity and depth of AUV during comparative
experiment.

can achieve the decoupling of hover depth and head-
ing control, and then effectively reduce the frequency of
manipulation, for the underwater vehicle, especially for the
low noise operation of submarine.
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FIGURE 27. Propeller variable of AUV during comparative experiment.

VI. CONCLUSION
In this work, we present a guidance and control law for
the heading steering of underwater vehicle in hovering state.
The research is validated by simulation and experiment
result. The conclusions may be summarized as follows:

(i) The control performance of steering under hover state
may affected by the coupling interference between
vertical and horizontal control which includes two
aspects, the vehicle buoyancy loss and negative pitch.
In order to avoid excessive repeated injection and
drainage induced by the coupling interference, it is
recommended to use constant turning speed law during
steering. This is because the buoyance variation of the
subs is mainly dependent on the steering speed.

(ii) The proposed guidance law can effectively limit steer-
ing speed and steering acceleration, thus limiting subs
buoyancy loss and negative trim. And in this way,
the heading control manipulation will not affect the
performance of the depth control. The flow field char-
acteristics under hover steering condition are compli-
cated and the propeller model has complex uncertainty.
Robust control law based on mixed sensitivity can
effectively limit the influence of model uncertainty.

(iii) This article proposes a H∞ design method, which uses
the feedforward weighting function W (s) to describe
the guidance law, the sensitivity weighting function
WS (s) for the tracking performance requirements, and
the weighting function WR(s) for the uncertainty of
the model. This method can effectively realize the
hover-steering control of a large underwater vehicle.

In the future work, the analysis method of uncertainty model
of large underwater platform and submarine under hover con-
dition will be researched, and proposed guidance and control
law will be implemented.
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