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Abstract: [ Objectives] To solve the steering control problem of X—rudder submarines under different available rud-

der surfaces conditions, the rudder control distributor of an X-rudder submarine is designed. [ Methods] A cascade

control structure including a main controller and control allocator is adopted in the design of the steering control sys-

tem. The main controller adopts an existing mature algorithm, and a constrained control allocation algorithm is de-

signed by converting the rudder angle control allocation problem with the rudder angle and rudder speed limit to solve

the weighted least square (WLS) problem. The control allocation algorithm is verified through a simulation of turning at

certain depths and diving in three operation cases (i.e. quadruple rudder, triple rudder and double rudder). [ Results ]

Under the given rudder conditions, with the decrease in the steering surface, the difference in the submarine's diving

performance is not significant, turning performance is reduced slightly and heeling and rudder angle oscillation tends to

be serious. [ Conclusions] The simulation results show that the control allocation algorithm is reasonable and suitable

for different rudder configurations.
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0 Introduction

At present, the submarines are mainly equipped
with two kinds of control device arrangements, name-
ly cruciform (or cross) and X rudder configuration.
Compared with rudders arranged in cross configura-
tions (hereinafter referred to as "C-rudders"), those
in X configuration (hereinafter referred to as "X-rud-
ders") provide improved maneuverability and safety.
Thus, X-rudders have been widely used in designing
stern appendages of submarines, e.g., that used in
the conventional submarines like Swedish Got-
land-class, Australian Collins—class, German class
212A, and Japanese Soryu—class, as well as that
used in the nuclear submarines, such as French Bar-
racuda—class attack submarine (SSN), and the Co-
lumbia—class strategic submarine (SSBN) under con-

struction in the US. However, X-rudders are also
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faced with major problems like indirect manual steer-
ing. X—rudder steering—control systems mainly em-
ploy computer—based automatic control. Therefore, it
is crucial to design steering control algorithms with
high performance and reliability.

In terms of motion modeling of X-rudder subma-
rines, Hu " established a mathematical model for
rudder—angle transition between X-rudders and
C-rudders and verified the device designed for
equivalent rudder—angle transition by simulation. In
terms of X-rudder control algorithms, Zeng ' stud-
ied X—rudder PID control of an AUV under a diago-
nally coordinated operation mode and carried out
both lake and sea trial. However, the master control-
ler adopted a PID-control algorithm, with an alloca-
tion mode of diagonal coordinated operation, and al-
location problems under triple-rudder and dou-

ble—rudder conditions were not considered. Zhang et
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al.” introduced a rudder—angle allocator into the tra-
ditional control structure of C—rudder AUV and stud-
ied fault—tolerant control allocation of X-rudders
based on a reconfiguration method. In addition, some
scholars conducted in—depth study on algorithms of
multiple surface—control allocation based on a pseu-
do-inverse technique “~. The advantage of the pseu-
do-inverse method is that calculation is relatively
simple without considering the constraints of steer-
ing mechanisms. However, in practical application,
it is difficult to use a pseudo—inverse technique to
solve constrained control-allocation problems.

In view of X-rudder control-allocation problems
of submarines, this paper adopted a steering system
with a "master controller—control allocator" cascade
control structure, as well as a master controller with
a mature algorithm. In addition, under the consider-
ation that steering gear are constrained by limitation
of rudder amplitudes and rates, the paper designed
an X-rudder control allocator of submarines through
weighted least squares (WLS) to realize multiple sur-
face—control allocation. Finally, it verified steering
control effects under different available rudder sur-
faces through simulation. The research in this paper
can provide a certain reference for practical engi-

neering application.

1 Modeling of steering motion of
X-rudder submarine

All of the coordinate systems, terminologies, and
nomenclatures used in this paper originate from the
system recommended by ITTC and SNAME 7", Fig. 1
shows the corresponding fixed coordinate system
E—-énd and motion coordinate system O-xyz. In the
figure, components of the force acting on the subma-
rine in the motion coordinate system are as follows:
longitudinal force X, transverse force Y, vertical force
7, heeling moment K, trimming moment M, and yaw-

ing moment V.

Fig. 1 Fixed coordinate system and motion coordinate system

1.1 X-rudder layout and rudder-force
analysis

X—ruddei steeringsurfades @re_ generally com-

posed of rudder surfaces and stabilizing wings. The
stabilizing wings and the hull are fixedly connected
orthogonally in an X configuration, with an angle of
45° between centerlines of rudder axles and the cen-
ter-line plane of the submarine. Rudder surfaces
can rotate within a certain range. Total rudder force
=[X,Y, Z,K,
M., N.]. Any rudder—surface deflection will result in

F. is a spatial force, expressed as F,

such motion as diving, turning, and heeling of the
submarine. As shown in Fig. 2, for the component F;
of F, in the cross—section y'0'z' of the hull at the cen-
ter 0" of a rudder axle, its relationship to transverse
force Y, and vertical force Z,; is as follows:
{ Yy = F;-cos45°
in = Fi -sin45°
Where there is i = us, up, Is, and Ip. In Fig. 2, 8., &,
0.y, and &), are upper—starboard, lower—starboard, up-
per—port, and lower—port rudder angles, respective-
ly. Signs of rudder angles are specified as follows:
from the stern, starboard—side rudder—angles are pos-

itive and port—side ones are negative.

Upper port Upper starboard
real 0,0
45° 4 " )
FoY
F,
3,>0 ¥ 0,>0
Lower port Z' Lowerstarboard

Fig. 2 X-rudder force in the submarine's cross—section

1.2 Spatial steering—motion model of X-
rudder submarines

Under the assumption that longitudinal velocity u
is constant, spatial steering motion equations of an
X-rudder submarine can be established by replacing
steering rudder force and stern elevator force in spa-
tial steering motion equations of a C—-rudder subma-
rine " with various components [Y,, Z,, K., M, N,] of
X-rudder force. The force and moment of X-rudders

are as follows.
Yy = —pL2 2(V5u8us + ¥'ouOup + Y5015 + Vs, 5
ZPL% 1 (K5, 8us + K'5,0up + K501+ Ko, 51p)
M, = % pL3u? ( M5, 0us + M5, ,0up + M'5,01s + M '61p51p)
Ny = %pl} u? (N 'susOus + N's,,0up + N's 015 + N ,511361?)
(1)
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’ i § ? ’ ’ . .
where Yi,Z,gi,Kgi’M(gia and N,;, are dimensionless hy-
drodynamic coefficients of X-rudder force; p is the

density of sea water; L is the length of the submarine.

2 Basic structure of steering con-—
troller of X-rudder submarine

Many modern aviation and underwater vehicles
use over—actuated systems due to the requirements
on high reliability. The basic characteristic of such
systems is that dimensions of controlling quantities
are greater than those of controlled quantities. Con-
troller design of over—actuated systems often adopts
a "master controller—control allocator" cascade struc-

ture. In other words, a master controller generates to-

tal control force to realize task regulation, while a
control allocator maps the total control force as the
thrust of each actuator (or deflection of a steering sur-
face) to complete task selection of actuators .

As shown in Fig. 3, for the steering control system
of an X-rudder submarine with four independently
driven rudder surfaces, dimensions of its controlled
quantities are three, including command heading .,
command depth {., and command trimming 6.. Steer-
ing surfaces include four X-rudder surfaces (for
heading control and mainly for trimming control) and
one bow elevator surface (mainly for diving—depth
control). Therefore, dimensions of controlling quanti-
ties are five. Obviously, this system is an over—actu-

ated control system.

Upper-starboard E
Controller steering gear
Upper-port j
We, G Oc - B ti;c, =5 steering gear g ., 6
< 3 =1
b 2 S 3 28 HA 5ol g >
= S= Lower-port £ S
= : — =}
° steering gear 7]
Lower-starboard _ls
steering gear
Bow-rudder %
"| steering gear
Heading, depth, |,

trimming sensors

Fig. 3 X-rudder steering control system of submarines

A steering controller consists of a master control-
ler and a control allocator. The master controller gen-
erates a command rudder angle §,. of the bow rudder
and a virtual controlling quantity v = [§., 8..]" of the
stern rudder, v €R?* 8. and d.. are angle commands
of the equivalent steering rudder and stern elevator,
respectively. u is an actual controlling quantity out-
put from the rudder—angle allocator, namely an
X-rudder command angle. Specifically, there is u €
R, where k is the number of dimensions of X-rudder
controlling quantities (kK = 2, 3 and 4), and in the
case of k = 4, there is & = [S.c, Supes Oipes Otec]'-

The master controller and the control allocator are
designed independently. The master controller is
only required to generate virtual rudder—angle com-
mands. Therefore, it can employ all kinds of mature
control algorithms. The control allocator is required
to realize the allocation of control commands under
the consideration of physical constraints on steering
surfaces. Control allocation is actually a problem of
solving constrained linear equations. In other words,

it is a problem of solying thefactdal controlling quali-

ty u, given the virtual controlling quality v. In addi-

tion, the following conditions are satisfied:

Bu=v
usu<u

Where B is a control-efficiency matrix, with a rank

(2)

of 2; & and u are the upper and lower limits of con-
trol constraints, respectively. For a steering gear sys-
tem, the above control variables are mainly reflected

as rudder—angle and rudder-speed limits.

3 Algorithm of X-rudder control
allocation

For convenient discussion, independently driven
rudder surfaces of X-rudders are divided into three
control configurations: quadruple-rudder (QR), tri-
ple-rudder (TR), and double-rudder (DR) control.
This totally includes eleven combinations, namely
C2+C2+CZ= 11 This paper selected one typical
working condition in TR and DR configurations for

design and simulation analysis.
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3.1 Analysis of control-efficiency matrix

1) QR: Four rudder surfaces are driven with £ = 4
and # = [Sue, Oupes Oipes Oe]'. According to equivalent
rudder—angle transition relation, we have

025 025 025 025
e ‘5[ 025 -025 025 -0.25 }

2) TR: Three rudder surfaces are driven with k =

3. If we let =[Sy, Oiper Sic]', We have

025 025 025
e ‘/5[ 025 025 -025 }

3) DR: Two rudder surfaces are driven with & = 2.
This mode, which belongs to equal-actuated control,
can realize heading and trimming control of subma-
rines. Under this configuration of control, there are
six specific situations. Here, we consider the case in
which only one rudder surface is available in each

group of diagonal rudders. If # = [8,.., ..|", we have

025 0.5
= ‘5[ 025 -0.25 ]

3.2 Algorithm of control allocation

The control-allocation problem described in Eq.
(2) can evolve into constrained optimization by intro-

. . . 10
dLlCll’lg a measure CI'ltCI'lOl’l[ ]:

min|lu]

In this case, the use of two—norm is convenient to
take control energy consumption as a cost function.
Thus, the control-allocation problem can be trans-
formed into the following quadratic programming
problem "":

n}‘inl(u) =uTW,

Bu =v

(3)

where J(u) = u'W,. It is an optimization objective
function of matrix two—norm, where W, is a weight-
ing matrix of the control quantity u and & is rudder
speed.

A WLS method was used as the control-allocation
algorithm. Essentially, this optimization aims to mini-
mize the control energy consumption of a steering
gear on the basis of satisfying control-allocation ac-
curacy. This optimization was described as the fol-
lowing sequential least squares (SLS) problem:

u = argmin W, (u —ug)
@ = arg min |[W, (Bu-)l, (4)

usu<u
where W,  is a weighted matrix of the virtual control
quantity v; arg is a variable; u, is a desired control-
ling quantity, with the same constraint as mentioned

above; {2 _is1a_set_of @llocation &olutions with mini-

mum control-allocation errors. The controlling quan-
tity # with the minimum deflection of a steering sur-
face relative to the desired control quantity u, is then
solved. By introducing a weight coefficient y and
combining the two equations in Eq. (4), we can trans-
form this problem into a WLS extremum-solving

problem, as shown in Eq. (5):
: 2 2
u=arg min, (IIW, (u—-uq)l}+YIW, (Bu=vI) (5)

The advantage of a WLS method is that two—step
operations of a SLS method are simplified into one
step, reducing computing time. Thus, an active—set
algorithm can be used to solve this WLS problem

with constraints ">,

4 Verification through simulation

In order to verify the validity of the control-alloca-
tion algorithm, this paper simulated diving—depth
and heading control by using the submarine parame-
ters mentioned in Reference [14], based on the spa-
tial model of steering motion of an X-rudder subma-
rine. Specifically, derivatives of X-rudder angles
were calculated from those of C-rudder angles
through the equivalent rudder—angle method. The
master controller adopted an improved sliding—mode
control algorithm based on a nonlinear disturbance
observer (NDO) ™.

Parameters of the control allocator were as follows:
w=r>, w=1"" u,=0"" and y = 10,
where I is a unit matrix and 0 is a zero matrix. Con-
trol constraints are as follows: rudder—angle limita-
tion of —30° <¢; <30° and rudder—speed limitation
of =3 (°)/s< §; <3 (°)/s.

4.1 Simulation of turning at certain
depth

Settings for simulating turning of a submarine at
certain depth were as follows: speed of 10 kn, initial
heading of ¢y = 0°, and command heading of . =
20°. In addition, the submarine was in a balanced
state. Based on the simulation of turning at a certain
depth under three configurations of available rudder
surfaces, curves of rudder—angle & allocation, head-
ing ¢ response, and heeling ¢ response were ob-
tained as shown in Figs. 4-6. Table 1 lists the main
performance parameters of heading and heeling.

According to the simulation results, although steer-
ing with diagonally coordinated operation of rudder
surfaces is adopted under both QR and TR configura-
tions, rudder angles in the case of QR are smooth
without oscillation, while those in the case of TR os-

cillate_slightly. By contrast, rudder_angles oscillate
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Settings for simulating diving motion of a subma-
rine were as follows: speed of 10 kn, initial depth of
o= 50 m, command depth of {. = 100 m, and com-
mand trimming of 6. = 0°. In addition, the submarine
was in a balanced state. Based on the simulation of
directional diving under three configurations of avail-
able rudder surfaces, results of rudder—angle & allo-
cation, depth { response, trimming 6 response, and
heeling ¢ response were obtained as shown in Figs.
7-10.

According to the simulation results, although steer-
ing with diagonally coordinated operation of rudder
surfaces is adopted under both QR and TR configura-
tions (Fig. 7), no heeling is observed in the case of

QR, while_heeling with smooth variationiis observed
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in the case of TR. Thus, steering under both configu-
rations is smooth. By contrast, the heeling peak of
DR is the greatest, and both heeling oscillation and
rudder-angle oscillating are observed (Figs. 7 and
10). There is little difference in the performance of
depth and trimming control under the three configu-
rations of available rudder surfaces (Figs. 8 and 9).
This is because the bow rudder plays an important
role in depth control. However, X-rudder control
laws in the case of depth control with a single stern
rudder need to be further studied.

It should be noted that TR and DR control have
different steering gear configurations, and the above
simulation curves were obtained under given steer-
ing gear configurations. Under different steering gear
configurations, control-allocation algorithms are the

same, but performance of heading and depth control

will be different.

5 Conclusions

In view of X-rudder steering control of a subma-
rine, this paper adopted a "master controller—control
allocator" cascade control structure. Specifically, the
master controller used was an existing improved slid-
ing-mode controller based on NDO, and the control
allocator employed a control-allocation algorithm

through WLS. This algorithm is applicable to various
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steering gear configurations. According to the simula-
tion results, under a given steering gear configura-
tion, with the decrease in steering surfaces, diving
performance of the submarine has no difference.
However, steering performance reduces slightly, and
both heeling oscillation and rudder—angle jittering
tend to be serious. In fact, X-rudders have better
heeling—control abilities, which can be realized by
designing control laws of differential rudder angles.
In this way, maneuverability of a submarine in the
case of fewer available rudder surfaces and strong
motility can be improved. Further research will be

carried out in this regard.
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