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Abstract8

When underwater vehicles sail near the surface at low speed, they will experience roll,9

pitch and heave heavily due to the disturbance from waves, sea wind, and currents. In10

order to improve the ability of the underwater vehicle to resist the disturbance, the11

horizontal rudder using the lift principle of zero speed fin stabilizer is proposed to12

reduce the roll and pitch of the underwater vehicle. Considering the underwater13

vehicle’s 6-DOF nonlinear and coupling motions and the working principle of the14

horizontal rudder, a modified sliding mode integrated controller is designed to reduce15

the roll and pitch under different wave disturbances. After analyzing the simulation16

results, it shows that the control law can reduce the roll and pitch of an underwater17

vehicle effectively.18

Keywords: AUV anti roll; AUV anti pitch; horizontal rudder; sliding mode integrated19

controller20

1.Introduction21

An autonomous underwater vehicle(AUV) is a submersible vehicle, which can22
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navigate, control and accomplish the tasks under different ocean environments all23

autonomously (Yan and Zhou, 2015). With the development of ocean engineering,24

many countries are studying new types of underwater vehicles to carry out different25

types of missions in complex ocean environments. Underwater vehicles will26

experience roll, pitch and heave heavily when they close to the surface where there27

are much influence from waves, sea wind, currents and submarine topography etc (Qi28

et al., 2011; Qi et al., 2011). These disturbances seriously influence the normal29

working and safety of the underwater vehicle. Many researchers had simulated and30

analyzed 6-DOF motions of the underwater vehicle (Fang et al., 2006; Mills and31

Harris, 1995; Petrich and Stilwell, 2010), however, the simulation results show that32

their control methods could hardly solve the roll and pitch motion control problem33

very well.34

The use of a fin stabilizer is one of the most effective roll stabilization equipment.35

The horizontal rudder based on the working principle of the zero speed fin stabilizer36

can realize active roll and pitch stabilization at low speed or at anchor. When the37

underwater vehicle navigates at medium or high speed, the operating principle of the38

horizontal rudder is the same as the fin stabilizer, the horizontal rudder keeps a fixed39

attack angle to generate the desired lift. When the underwater vehicle navigates at low40

speed or at anchor, the horizontal rudder can produce the designed lift by flapping41

around the axis actively (Fan et al., 2009). The shape of the horizontal rudder is42

different from the common fin stabilizer, it has low aspect ratio and the position of the43

horizontal rudder is closer to the leading edge and trailing edge of underwater vehicle.44

The low aspect ratio can increase the time the vortex is attached to the rudder surface,45

hence it can increase the rudders flapping lift. The fluid resistance of the horizontal46

rudder includes shape drag, added mass force and vortex inducting force (Fan et al.,47



2009; Jin et al., 2007; Qi., 2008).48

Nowadays, sliding mode control method is widely applied in nonlinear49

time-varying systems, such as Cui et al. (2016); Jantapremjit and Wilson (2007); Hao50

and Zhao (2013); Jafarov and Asaltin (2000); �hif et al. (2011) and Jantapremjit et al.51

(2006). Considering the underwater vehicle’s 6-DOF nonlinear and coupling motions52

and the working principle of the horizontal rudder, a modified sliding mode integrated53

controller is designed to reduce the roll and pitch under different wave disturbances.54

In this paper, a method to reduce the roll and pitch is presented by using the55

horizontal rudder of the AUV based on the operating principle of the zero speed fin56

stabilizer. A modified sliding mode control is proposed based on the 6-DOF motions57

of underwater vehicle and the operating principle of horizontal rudder. Finally,58

simulations were presented to verify the validity of the control law proposed.59

2.The model of underwater vehicle60

In this paper, NPS AUV II is considered as a research model. NPS AUV II is61

manufactured by Naval Postgraduate School (NPS) of America in 1987. It is used as62

basic research platform including control technology, artificial intelligence and system63

synthesis (Warner, 1991; Healey and Marco, 1992). NPS AUV II is shown in Fig. 1,64

which has a pair of bowplanes are shown as 2, 3, and a pair of sternplanes are shown65

as 1, 4. In this paper, the bowplanes and sternplanes are regarded as horizontal rudders66

which use the lift principle of zero speed fin stabilizer to generate hydrodynamic force67

to stabilize the underwater vehicle.68

69



 

 

 
     

     
yz

propssnwsq

rrrbsssbpbsssw

rrvwwvvrrrbsbpssq

vrvpwq
u

prrrqqpp

GGG

F

XuLnuXuwXLnuqXL

BWXXXuXXXuw

XwXvXLurXXXXuq

vrXvpXwqXuXLprXrXqXpXL

rprzrpqyrqxwqvrum

snssnsn

bbbwbw

bqbq

















 






 







222223

2222

222

32224

22

222

sin

[
2

]

[
22

[

222

22



















   

       
 

 
xz

cf
dz

x

x dyrrvwv

wrwpvqrP
v

qrpq
rp

GGG

F
BW

dx
xU
xrvxqwxbCxrvxhCuYuwYuvYL

wrYwpYvqYurXupYvYLqrYpqYrYpYL

pqrzrpyrpqxwpurvm

nose

tail











 







 

















sincos

][
2

][
2

][
22

[

2222

34

222

 

 
        

 

       

xy

swNqn

cf

x

x dzdy

bpbsssvvw

vrvpq
w

rrprpp
q

GGG

F

nuZuwZLnuqZLBW

dx
xU
xqwxqwxbCxrvxhC

ZZZuvZuwZL

vrZvpZuqZwZLrXprXpXqZL

qpzpqryqprxvpuqwm

sn

nose

tail

bb
















 







 






 



















 

2223

22

222

3224

22

22
coscos

2

][
2

][
22

[

22

   

 

x

proppn

BGBG

bsbbpbvwv

wrwpvqrp
v

qrpqrp

GG

xzyzxyyzx

M

KuLnupKL

BzWzByWy

KKuvwKuvKL

wrKwpKvqKurKupKvKL

qrKpqKrKpKL

wpurvzvpuqwym

rpqIrqIqprIqrIIpI





















 






 













334

22

23

4

5

22

22

sincos)(coscos)(

)]([
2

][
2

][
2

)]()([












Fig. 1 Schematic diagram of the NPS AUV II70

The 6-DOF nonlinear motion equations are presented in Fossen (1994).71

Surge motion equation72

73

74

75

76

Sway motion equation77

78

79

80

Heave motion equation81

82

83

84

�oll motion equation85

86

87

88

89
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Where m is the mass of underwater vehicle; u, v, and w represent surge, sway and104

heave velocity, respectively; p, q, and r represent roll, pitch, and yaw angular velocity,105

respectively; , ,s b  and r represent bowplane, sternplane, and rudder angle,106

respectively; ,  , and  represent roll, pitch, and yaw angle, respectively; L is the107

total length of AUV; m is the mass of AUV; , ,x y zI I I are the moments of inertia108

about the X, Y, and Z-axis; , ,G G Gx y z are the coordinate of the center of gravity;109



, ,xy yx xz zx yz zyI I I I I I   are the products of inertia; , ,yz xy xzF F F are the forces of110

waves about the X, Y, and Z-axis; , ,x y ZM M M are the moments of waves about the111

X, Y, and Z-axis; and other parameters are relevant hydrodynamics coefficients which112

are recommended by ITTC (International Towing Tank Conference ).113

The above nonlinear equations are deduced by applying the Newtonian second114

law and hydromechanics theory based on the underwater vehicle which is regarded as115

a rigid body with a uniform mass distribution. These equations are the basis of116

researching 6-DOF motions of the underwater vehicle. However these equations have117

many hydrodynamic coefficients and every freedom degree is coupled with others. In118

order to simplify the complexity of the simulation, we make following assumptions:119

(1) The ideal movement of the underwater vehicle is that it keeps a constant120

surge velocity and constant depth in the ocean space, the sway and heave121

velocity and acceleration are zero, the roll, pitch and yaw angular velocity122

and angular acceleration are zero.123

(2) The coupling effect between the roll motion, sway motion and yaw motion of124

underwater vehicle is stronger, and the coupling effect between the heave125

motion and pitch motion is also stronger. Hence the influence which the126

vertical plane motion exerts to the horizontal plane motion can be omitted127

and are therefore decoupled.128

(3) In motion equations, retaining most of hydrodynamic coefficients that play129

the leading role of AUV and omitting others.130

Based on the assumptions, the 6-DOF motion equations are simplified and131

shown as matrix form are as follows:132



Surge motion equation133

0U U (1)134

Horizontal plane motion135
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The simplified 6-DOF motion equations can not only guarantee motions of the146

underwater vehicle which are accurate and reasonable, but also make the simulation147

easier.148



3.The wave force and the moment of the AUV near the surface149

The wave is regarded as a kind of stationary random process. In order to perform150

the simulation, the long-crested wave are used to simulate the environment151

disturbance and high order harmonics of waves is neglected. Long-crested waves are152

expressed as follows (Jin and Yao, 2011):153

   ii
i

ai tt  




cos
1

(4)154

Where  is the wave amplitude; i is the wave frequency; phase i is a random155

variable, which is a kind of uniform during 2~0 .156

According to hydrodynamic theory, wave motion is a circular motion which is formed157

by the uniform motion of water particles along the circular orbit. The relationship158

between the circular motion radii B and the water depth Bh is expressed as159

follows:160
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The long-crested wave in the depth Bh is expressed as follows:162
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Based on the above expression, the any point velocity and acceleration of sea waves is164

expressed as follows:165
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In this paper, the simulation is based on ITTC two-parameter ocean wave spectrum.167

The ITTC two-parameter wave spectrum is expressed as follows:168

  





 45 exp 


BAS (8)169

Where
2
1 3
4 4

691173 ,
h

A B
T T

   ,
1/3h is the significant wave height, T is the period of170

waves.171

Forces and moments acting on the underwater vehicle includes: hydrodynamic172

forces and moments, forces and moments are generated by underwater vehicle’s173

actuator, the gravity and buoyancy of the underwater vehicle, forces and moments are174

generated by waves, sea wind, and currents. In order to simplify the calculation of175

waves force and moment for the underwater vehicle, the shape of the AUV is176

simplified. It compose a cylinder in the middle and two hemispheres on the both end177

(Ji, 2009). Parameters of the simplified shape of the AUV include: the underwater178

vehicle’s total length L is 5.3 m, radius � is 0.5m, and width B is 1m, the shape is179

shown as follows:180

181

Fig.2 Simplified AUVAUV figure182

The shape of the AUV is mathematical expressed as follows:183
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The above expression can also be expressed as follows:185
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According to hydrodynamic theory, the fluid resistance of the symmetrical object is189

expressed as follows:190

  SVVCF SW
Df 2

2
  (11)191

Where
DC is drag coefficient;  is fluid density; /

ww tV d d is the fluid velocity192

without disturbance; /
ss tV d d is the vertical velocity of object; S is the193

projection area of object perpendicular to
WV or

sV .194

The fluid inertial force of the accelerating object in fluid is expressed as follows:195
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Where k is added mass coefficient; M  is discharged fluid mass by object; wa is197

the fluid acceleration without disturbed; sa is the acceleration of the object in198

resistance direction.199

The vertical velocity and acceleration at any point (x, y, z) of AUV are expressed as200

follows:201

xyaa
xyVV

yxS

yxS


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
(13)202

Where sV is the speed in the AUV centroid; s is the roll angular velocity; y is203

the pitch angular velocity;
sa is the acceleration in the AUV centroid; x is the roll204

angular acceleration; y is the pitch angular acceleration.205

The velocity and acceleration at each point of the AUV is different, hence wave206

forces and moments are calculated by the integral method. The results of the207

calculation are as follows:208
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Sway force equation213
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Surge force equation217
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�oll moment equation221
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Pitch moment equation225
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Yaw moment equation229
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After the detailed calculation, numerical equations of wave forces and moments233

can be obtained.234

4.The hydrodynamic model of horizontal rudder235

In this paper, an integrated controller to reduce roll and pitch is designed with the236

horizontal rudder based on the operating principle of zero speed fin stabilizer. The237

shape of the horizontal rudder is different from the normal fin stabilizer, it has a low238

aspect ratio and the position of horizontal rudder is closer to leading edge and trailing239

edge of the underwater vehicle. The low aspect ratio can increase the time the vortex240

is attached to the rudder surface, hence it can increase the rudders flapping lift. The241

working principle and model of zero speed fin stabilizer is shown as follows:242



243

Fig. 3 Working principle of zero speed fin stabilizer244

Jin et al. (2007) presented the resultant force of the horizontal rudder can be245

expressed as follows:246

   2 3 2( ) 3 3 ( ) ( )
3 d
e JF t C k a c c t t

d
      & (14)247

Where DC is the drag coefficient; 2a is the chord length of the horizontal rudder;248

c is the distance between the midpoint and the shaft of rudder; e is the span length249

of the rudder; ( )t is the rudder’s angular velocity; J is the added moment of250

inertia;  is the density of the fluid; d is the distance between the added mass251

force and rudder shaft.252

If:253

   2 3
1 3 3

3 d
ea C k a c c

   (15)254

2
Ja
d

 (16)255

Where the resultant force of the horizontal rudder can be expressed as follows:256

2
1 2( ) ( ) ( )F t a t a t   & (17)257

When the angle between horizontal rudder and horizontal direction is ( )t , the lift258

( )L t in the vertical direction is expressed as：259



( ) ( ) cos( ( ))L t F t t (18)260

The model of the AUV with the horizontal rudder as shown in Fig.4. Establishing the261

hull coordinate system and numbering the four horizontal rudder as fin1, fin2, fin3,262

and fin4.The X-axis is the roll axis, the Y-axis is the pitch axis and the Z-axis is the263

yaw axis.264

265

266

Fig.4 Schematic diagram of AUV with horizontal rudders267

268



Fig.5 Working process of rolling motion reduction269

The roll motion reduction process of the AUV is shown above. According to Fan270

et al. (2009); Jin et al. (2007) and Qi. (2008), when the underwater vehicle is in a calm271

ocean environment, the AUV can not generate roll motion as shown in Fig. 5(a), at the272

same time, the four horizontal rudders are at the inertial working state. Assuming that273

the AUV is first pushed by waves to the left, it will roll to the right as shown in Fig.274

5(b).The angular velocity sensor will transmit the roll information to controller, then275

the controller calculates the desired righting moment and drives the horizontal rudder276

to resist disturbance. Meantime, the horizontal rudder on the left side will rotate277

clockwise and generate lift along the negative direction of the Z-axis, the horizontal278

rudders on the right side will rotate clockwise and generate lift along the positive279

direction of the Z-axis. After the roll angle reaches maximum, it will swing to the left,280

then the AUV will return to the initial equilibrium position, the horizontal rudder also281

returns to the initial equilibrium position as shown in Fig. 5(c).Then the AUV is282

pushed by waves to the right, it will continue swing to the left, the horizontal rudders283

in left side will rotate anticlockwise and generate lift along the positive direction284

about Z-axis, the horizontal rudder in right side will rotate anticlockwise and generate285

lift along the negative direction of the Z-axis as shown in Fig. 5(d), when the roll286

angle reaches maximum, it will swing to the right. The AUV will return to its287

equilibrium position for the second time as shown in Fig. 5(e).With this, the AUV288

completes a period of roll reduction.289



290

Fig. 6 Moment analysis291

The above process is the roll stabilization of the underwater vehicle with292

horizontal rudders. When the AUV rolls to the right, moments of each lift relative to293

its centroid on horizontal rudders are shown in Fig. 6(a), and when the AUV rolls to294

the left, moments of lifts relative to its centroid on horizontal rudders are shown in Fig.295

6(b). Through the analysis from two diagrams, moments direction of fin1 and fin3 is296

always the same, and the moments direction of fin2 and fin4 is always the same. In297

other words, fin1 and fin3 have the same stabilized effect to the AUV, and fin2 and298

fin4 have the same stabilized effect to the AUV. In order to realize the integrated299

control to reduce roll and pitch, and reduce the complexity of control system.300



Assuming that the fin1 and fin3 rotate at the same speed, the fin2 and fin4 rotate at the301

same speed, the direction of rotation of fin1 and fin2 is same, and the direction of302

rotation of fin3 and fin4 is the same. If the velocity and acceleration of the fin1 and303

fin3 is 1 and 1& respectively, and the velocity and acceleration of the fin2 and304

fin3 is 2 , 2& respectively, lifts on the fin1 and fin3 can be expressed as follows:305

        2
1 1 1 2 1 1cosF t a t a t t    & (19)306

Where fl is the roll righting arm; fL is the pitch righting arm; and the moment of307

the lift  1F t relatived to the roll axis can be expressed as follows:308

        2
1 1 1 1 2 1 12 2 cosx f fM F t l a t a t t l     & (20)309

The moment of the lift  1F t relatived to the pitch axis can be expressed as follows:310

        2
1 1 1 1 2 1 12 2 cosy f fM F t L a t a t t L     & (21)311

Lifts on the fin2 and fin4 can be expressed as follows:312

        2
2 1 2 2 2 2cosF t a t a t t    & (22)313

The moment of the lift  2F t relatived to the roll axis can be expressed as follows:314

        2
2 2 1 2 2 2 22 2 cosx f fM F t l a t a t t l     & (23)315

The moment of the lift  2F t relatived to the pitch axis can be expressed as follows:316

        2
2 2 1 2 2 2 22 2 cosy f fM F t L a t a t t L       & (24)317

In summary, the rolling righting moment of the AUV can be expressed as follows:318
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(25)319

The pitching righting moment of the AUV can be expressed as follows:320

             
2 1 2
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  & &
(26)321

Obviously, if fin1, fin2, fin3, and fin4 rotate at the same angular velocity and322

angular acceleration, namely, 1 2 1 2,    & & , the integrated controller can not323

reduce pitch of the AUV, in other words, the integrated controller is the same as the324

roll reduction controller.325

5.Control system for roll and pitch reduction326

Motions of the underwater vehicle near the surface are coupled and nonlinear. The327

horizontal rudder based on the operating principle of zero speed fin stabilizer is used328

to stabilize the AUV. Based on the 6-DOF coupled and nonlinear model of the AUV329

and the hydrodynamic model of horizontal rudder, a modified sliding mode controller330

is designed to realize the integrated control of the roll and pitch of the AUV. The331

sliding mode control has many advantages, such as fast response speed, the controller332

is invariant to the parameter perturbation and the external disturbance of the333

controlled system, and easy physical realization, which is very suitable for the334

nonlinear time-varying system of the underwater vehicles. The sliding mode control335

includes of two processes: the approach motion and the sliding mode motion. The336

motion of the system from any initial state to the switching surface is called the337

approach motion. The ability of the sliding mode control only guarantees the system338

from any initial state to the switching surface in a finite time, and there is unrestricted339

tracks of the approach motion. The dynamic quality of the approach motion can be340



improved by applying reaching law sliding mode control. �eaching law sliding mode341

control is a typical sliding mode control (Liu, 2015), and can be expressed as follows:342

sgns s ks  & (28)343

Where  is the velocity of the approach motion; k is a constant, 0, 0k   .The344

exponential reaching law sliding mode control can reduce the time to reach switching345

surface of system’s state variables, and the speed of the reaching switching surface is346

very rapid, and making the dynamic quality of approach motion is better. However,347

the method cannot make system’s state variables approach origin in the switching348

surface, and system’s state variables chattering near the origin in the switching surface.349

Huang et al. (2013) presented a modified exponential reaching law sliding mode350

control is applied and the form of the expression is as follows:351

sgnts e s s ks    & (29)352

Where  is the reach law of sliding mode; , ,k   is constant,353

0, 0, 0, 0k      ; te  is termed the fading factor. The modified exponential354

reaching law sliding mode control is brought the fading factor to make the system’s355

state variables approach origin in the switching surface and eliminate the chattering of356

sliding motion control.357

In order to eliminate chattering of the sliding mode control more efficiently, an358

adaptive neuron sliding mode is applied to adjust the reach law of the sliding mode 359

in time (Pan, 2010; Wang, 1998; Wang, 2005). The adaptive neuron control algorithm360

is expressed as:361



3

1
3

1

( ) ( ) ( ) ( 1)

( ) ( ) / ( )

( ) ( 1) ( ) ( 1) ( ) ( ) ( )

i i
i

i i i
i

i i i i i

k k w k x k k

w k w k w k

w k w k r t w k e k s k x k

 

 





    

  

      





 (30)362

Where  is the learning speed, 0  ; ( )iW k is the neuron weight; and k  is the363

coefficient of the neuron gain, k is the current time.364

If:365

( ) ( ) ( )de k r k s k  (31)366

Where ( )dr k is the ideal objective function; ( )s k is the actual switching function.367

The input of the neuron is defined as:368
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(32)369

( )iw k establishes the supervised Hebb learning algorithm and it is expressed as:370

( ) ( ) ( ) ( )i ir k e k s k x k (33)371

For the roll motion equation, if & is set as p , namely, p & , and considering372

the rolling disturbance torque of waves and the rolling righting moment of the373

horizontal rudder, the roll motion equation is expressed as follows:374
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If the ideal rolling angle d is set as 0, namely, 0d  , the expression of the roll376

angular deviation rolle is given by:377
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(35)378

The actual rolling sliding mode switching surface is expressed as:379

1 ( ) ( )roll roll roll rolls e C e t C t     && (36)380

The modified exponential reaching law sliding mode control for the roll motion is381

expressed as:382

1 1
1 1 1 1 1 1sgnts e s s k s   & (37)383

Where
1 is the reach law of sliding mode;

1 1 1, ,k   are constant,384

1 1 1 10, 0 , 0 , 0k      .The derivative of equation is expressed as:385

1( ) ( ) ( )rolls t t C t  && && (38)386

By combining Eq.(37) and Eq.(38), the expression for && is given by387
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By combining Eq.(34) and Eq.(39), the roll motion equation is expressed as:389
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(40)390

Similarly, for the pitch motion equation, where & is set q, namely, q & , and391



considering the pitching disturbance torque of waves and the pitching righting392

moment of horizontal rudder, the pitch motion equation is expressed as follows:393
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If the ideal pitching angle d is set as 0, namely, 0d  , the expression for395

pitching angular deviation pitche is given by:396
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The actual pitching sliding mode switching surface is expressed as:398

2 ( ) ( )pitch pitch pitch pitchs e C e t C t     && (43)399

The modified exponential reaching law sliding mode control for pitch motion is400

expressed as:401

2 2
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Where
2 is the reach law of sliding mode,

2 2 2, ,k   are constant,403

2 2 2 20 , 0 , 0 , 0k      . The derivative of equation is expressed as:404
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By combining Eq.(44) and Eq.(45), the expression for && is given by406
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pitcht e s s k s C t     && & (46)407

By combining Eq.(40) and Eq.(46), the pitch motion equation is expression as:408
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(47)409

The fin accelerations 1 2, & & can be calculated from the roll motion equation and410

pitch motion equation. According to the approximate linearization method in small411

time interval,  and  is calculated by:412

1 1

1 1

k k k

k k k

T
T

  
  

 

 

 
  

&
(49)413

Where  is the angle of the horizontal rudder; T is the sample time, set values of414

the sample time is 1ms, namely, 1T ms ; k is the current time.415

6.Simulation Research416

The simulation is based on the ITTC two-parameter wave spectrum and the417

significant wave height is 1m. The other relevant parameters are shown in TABLE I.418

TABLE I419

The relevant parameters of simulation research420

The total length of the NPS AUV II 5.3m

The height of the NPSAUV II 0.5m

The width of the NPS AUV II 1m

The navigating depths of AUV 5m and 10m, respectively

Wave encounter angle 45°, 90°, and 135°, respectively

The navigating speed of AUV 1.832m/s

The ideal rolling angle 0

The ideal pitching angle 0

The chord length of the horizontal rudder 0.5m

The span length of the rudder 0.25m



The distance between the midpoint and the shaft of the rudder 0.125m

The rolling righting arm 0.625m

The pitching righting arm 2m

1 0.04

1 0.1

1 2

1k 0.6

2 0.01

2 0.1

2 2

2k 0.8

rollC 0.3

pitchC 0.3

k  0.5

 2

Simulation results is shown under different conditions as follows:421

422

Fig.7 The pitch of the AUV without control when 5 , 45Bh m   423



424

Fig.8 The roll of the AUV without control when 5 , 45Bh m   425

426

Fig.9 The pitch of the AUV without control when 5 , 90Bh m   427

428



Fig.10 The roll of the AUV without control when 5 , 90Bh m   429

430

Fig.11 The pitch of the AUV without control when 5 , 135Bh m   431

432

Fig.12 The roll of the AUV without control when 5 , 135Bh m   433



434

Fig.13 The pitch of the AUV without control when 10 , 45Bh m   435

436

Fig.14 The roll of the AUV without control when 10 , 45Bh m   437

438



Fig.15 The pitch of the AUV without control when 10 , 90Bh m   439

440

Fig.16 The roll of the AUV without control when 10 , 90Bh m   441

442

Fig.17 The pitch of the AUV without control when 10 , 135Bh m   443



444

Fig.18 The roll of the AUV without control when 10 , 135Bh m   445

446

Fig.19 The pitch of the AUV with the roll reduction controller when 5 , 45Bh m   447

448



Fig.20 The roll of the AUV with the roll reduction controller when 5 , 45Bh m   449

450

Fig.21 The pitch of the AUV with the roll reduction controller when 5 , 90Bh m   451

452

Fig.22 The roll of the AUV with the roll reduction controller when 5 , 90Bh m   453



454

Fig.23 The pitch of the AUV with the roll reduction controller when455

5 , 135Bh m   456

457

Fig.24 The roll of the AUV with the roll reduction controller when 5 , 135Bh m   458

459



Fig.25 The pitch of the AUV with the integrated controller when 5 , 45Bh m   460

461

Fig.26 The roll of the AUV with the integrated controller when 5 , 45Bh m   462

463

Fig.27 The pitch of the AUV with the integrated controller when 5 , 90Bh m   464



465

Fig.28 The roll of the AUV with the integrated controller when 5 , 90Bh m   466

467

Fig.29 The pitch of the AUV with the integrated controller when 5 , 135Bh m   468

469



Fig.30 The roll of the AUV with the integrated controller when 5 , 135Bh m   470

Fig.8, 10, 12, 14, 16, 18 presents the results of the roll of the AUV without control.471

Fig.20, 22, 24 presents the results of the roll of the AUV under the control of the roll472

reduction controller. Fig.26, 28, 30 presents the results of the roll of the AUV under473

the integrated controller. Comparing these figures, it shows that the AUV with the474

horizontal rudder can reduce roll effectively.475

Fig.7, 9, 11 presents results of the pitch of the AUV without control.Fig.25, 27, 29476

presents results of the pitch of the AUV under the integrated controller. It can be seen477

that the AUV with horizontal rudder can also reduce pitch effectively. It indicates that478

the roll and pitch of the AUV is both reduced. So the AUV with the horizontal rudder479

can realized the integrated control of the roll and pitch motion of the AUV.480

Stabilization efficiency is defined as follow:481

( ( ) var ( ( ) var ))
( ) var

roll pitch angle iance anti roll anti pitch angle iancestabilization efficiency
roll pitch angle iance

  
482

483

Based on above definition, statistics of the roll stabilization and pitch stabilization484

of the AUV are shown in TABLE II and TABLE III respectively.485

TABLE II486

�OLL STABILIZATION EFFECT487

Wave

encounter

angle /deg

Depth

/m

�oll angle

variance of

vehicle without

integrated

controller /deg

�oll angle

variance of

vehicle with

roll

reduction

�oll

stabilization

effect of

vehicle

with roll

�oll angle

variance of

vehicle without

integrated

controller /deg

�oll stabilization

effect of vehicle with

integrated controller

/％



controller /deg reduction

controller

/％

45°

5m 32.28 0.34 98.94 0.46 98.67

10m 30.30 0.27 99.11 0.40 98.68

90°

5m 38.87 0.71 98.17 0.76 98.04

10m 35.21 0.66 98.13 0.65 98.15

135°

5m 32.97 0.37 98.88 0.43 98.70

10m 29.98 0.26 99.13 0.40 98.67

488

TABLE III489

PITCH STABILIZATION EFFECT490

Wave encounter

angle /deg

Depth

/m

Pitch angle

variance of

vehicle without

integrated

controller /deg

Pitch angle

variance of

vehicle with

roll

reduction

controller /deg

Pitch angle

variance of

vehicle without

integrated

controller /deg

Pitch stabilization

effect of vehicle

with integrated

controller /％

45°

5m 1.06 1.09 0.10 90.57

10m 0.99 1.00 0.11 88.89

90°

5m 1.17 1.15 0.11 82.05

10m 1.05 1.07 0.10 90.48

135°

5m 0.92 1.05 0.10 89.13

10m 0.89 0.95 0.09 89.89

From TABLE II, it can be seen that the roll stabilization efficiency in different491

simulation conditions is over 98％ , which indicates using the horizontal rudder to492



reduce the roll motion of the AUV is effective.493

From TABLE III, it can be seen that the pitch stabilization efficiency in different494

simulation conditions is also good, and is over 80％.495

Thus, so the underwater vehicle can reduce the roll and pitch effectively by using496

the horizontal rudder.497

7.Conclusion498

In this paper, a new method to reduce the roll and pitch of the AUV is presented499

and designed. The horizontal rudder using the lift principle of zero speed fin stabilizer500

is shown to reduce the roll and pitch of the underwater vehicle. Basing on the501

underwater vehicle’s 6-DOF nonlinear and coupling motions, the hydrodynamic502

model of horizontal rudder, and wave disturbance model, a modified sliding mode503

integrated controller is designed to reduce the roll and pitch under different wave504

disturbances. From these simulations, it shows that the control law can reduce the roll505

and pitch of the underwater vehicle effectively.506

507
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