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Most submarines use the cross—plane, which is convenient and inexpensive, but the number of submarines equipped with an X—plane
is increasing recently, This study focuses on designing the control system of the X—plane submarine with various control methods and
analyzing the effect of each controller, First, a maneuvering simulation environment for a subjected submarine is established, The dynamics
and the operating range of control surfaces are considered, Second, a depth and heading control system of the submarine, which
can be divided into three parts, is designed: guidance, controller, and control allocation, The guidance system generates a smooth
desired depth and heading. The controller is designed using Proportional—Integral—Differential (PID), Linear Quadratic Regulator (LQR),
and H-infinity (Hoo) control methods, A linear control allocation method is used to distribute control moment calculated by the controller
to the control surfaces, Finally, the designed control system is applied to a subjected X—plane submarine, and a depth and heading
control simulations are performed, Each control method is compared and analyzed under various simulation conditions,

Keywords : X—plane submarine(XEt £==38!), Proportional—Integral—Differential control(PID M|04), Linear Quadratic Regulator control(LQR
XN|0H). H=infinity control(Hoo X||04). Control allocation(K|{H)
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grdoz 288 4= ok YR HojHo| MY (jamming) Sl & Eatsp| 2lof Mojme| st 3 28HeIE st AT
Aoz ZHESIK| oalE, TE 1S5 HojEE 0|83l =EM 2 ZZE HofsP| 25 AIARR R L2|En HMoP|2 7
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Fig. 1 General arrangement (Thuné, 2015)

Table 1 Principal dimensions of the submarine

ltem Value

Length overall m 62.329

Displacement m® 1942.3
Beam m 6.2

Height m 11.925

Propeller diameter m 6.897

2.2 Hojg 28=H ! 7554

Ma|, H2HE 5 TUH 2SS ?Ie XElRt +Ele| 237

ﬂJ

ROl Fig. 22t 20| A 4= QUch
T3 Fig. 20M Eelst == QI%, HH 25 HE0IM +E

A|ABIZ 138 MO{TRE 2SS0, XEF A|ARI2 1-2-3-48H K|
Ot 25 St £2H 25 AZ0|M +EF A|ARE 2.4
Mok X610, XEF A|ARIS 1-2-3-48H H|ojE 25 XFEst
Ch 2 AF0lM= XEF A|ARIS| 1-2-3-4H HO{E 25 Mo| |
OEKstern plane)2l O|D|§ ZS,EE’_, a Z.*EE 7—|7—| 8, 0y,

-u_7|°H-_-|'

K

#4 #2

s) seen from behind.
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Fig. 2 The + and X-configuration stern hydroplane (Thuné,
2015)

(b) x-configuration (cros:

Table 2 Operation condition of control surfaces

Angle saturation
Speed range Bow plane Stern plane
[deg] [deg]
U <5kts 25 40
Skts < U <15kts (=197 +34.5) (=30 +55)
15kts < U < 20kts (040 +12) (—0.80 +22)
20kts < U 4 6
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Fig. 3 Desired depth and heading angle generated by
guidance algorithm
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Table 3 PID control gain

Speed
5kts 10kts 15kts 20kts
- 0.025
K, 0.15
K, 0.01
K,y 2 2 2 2
K, 40 20 20 20
Ky 0.001 0.001 0.001 0.001
K,y 0.01 0.02 0.04 0.04
K, 0.3 0.5 5 20
K, 0 0 0 0

3.3 LQR Fof7| A
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Table 5 Hoo weighted function of vertical motion

Speed
5kts 10kts 15kts 20kts
W 1200 600 300 250
¢ 1000s +1 1000s +1 1000s +1 1000s +1
Wy, 1000
W, 100

Ao FASH HHOZ AT Hoo FZA|0jo] E5ME
= Fig. 61} ZC}.

T S
e e

Hazrlof Ao HojZ -, =, = Fig. 62 Zo| 242t &z

9, Mo| $RERZIOR MHBRICH $EH SHSS olofsks
ZHUE = LORHIOPIA T43H blet Selsich Nl
EBARE MFSICE AIS2I0IM AIBARE X MFE I}
e W, WS M2lsk Table 62+ 2k

Table 6 Hoo weighted function of horizontal motion

Speed
Skts | 10kts | 15kts | 20kts
1
e 20005 + 1
W 2s 1.5s 0.1s 0.1s
o s+25 s+25 s+25 s+25

4. Hof AlEzfold

=iQict ZAME g X0 |& 27} 282t 50 m, 0 deg®l AF&*OHH
Q= AT 3 MRS FHSI=X| Sl5IUct AlSa
|4 =212 HelstH Table 72 &t

Table 7 Simulation condition

[tem Value
Control method - PID, LQR, Hoeo
Speed kts 5, 10, 15, 20
Initial depth m 50
Command depth m 100
Initial heading deg 0
Comoed | aes 0

40 35
50 - -z 30 =
PID(X-con.) i
60\ LaR(X-con.) 250
H_ (X-con) |
z o Y 20
£ \ £
N 80 51511
1
% 100 n)
I R(X-con.)
100 = 5 H_(xcon)
110 0
[ 50 100 150 200 250 300 350 400 o 50 100 150 200 250 300 350 400
Time [sec] Time [sec]
5,(PID, X-con.) 5,(LQR, X-con.) §,(H__, X-con)
5,(PID, X-con.) 5,(LOR, X-con) w0 sH_ Xecon)
5,(PID, X-con.) §,(LQR, X-con.) 5y(H__, X-con)
- = = 3,(PID, X-con.) - = = 4,(LOR X-con) 30 - = - 6,H_, Xcon)
5,(PID, X-con.) 5,(LOR, X-con.) 2 5,(H__, Xecon)
10
e —— 80 ]
10
20
-30
40
o 100 200 300 200 300 o 100 200 300
Time [sec] Time [sec] Time [sec]

Fig. 7 Control performance comparison (5kts)
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N80 %15
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F
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5,(PID, X-con.) 5,(LOR. X-con.)

20 20
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Fig. 9 Control performance comparison (15 kts)

HolMsS Moo= dH|weP| 2ot LHAE, ASAIZ
(rise time), M&AIZKsettling time), MOE&(control effort)2
MESINCE MO8 AlZalold SoF ARZE Mo ZHE=e|
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Fig. 10 Control performance comparison (20 kts)
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Speed Control : . . . . . . : efficiency
method Overshoot | Rise time |Settling time| Overshoot | Rise time |Settling time

[m] [sec] [sec] [deg] [sec] [sec] [RMS]

PID 7.64E-01 1.08E+02 | 1.50E+02 | 4.33E-04 | 2.88E+01 7.29E+01 3.46E+01

kn?)ts LQR 1.14E+00 8.58E+01 1.53E+02 6.64E-01 2.78E+01 4.46E+01 2.48E+01
Hoo 2.45E+00 | 6.62E+01 1.18E+02 | 8.12E-01 2.08E+01 3.41E+01 3.81E+01

PID 5.15E-01 7.10E+01 | 9.71E+01 | 8.94E-02 | 1.55E+01 2.85E+01 1.23E+01
krfts LQR 1.35E-01 6.26E+01 1.04E+02 | 0.00E+00 | 2.06E+01 4.49E+01 8.99E+00
Hoo 2.23E+00 5.97E+01 9.60E+01 4.76E-01 1.53E+01 2.43E+01 1.17E+01
PID 1.14E-01 4.54E+01 | 6.68E+01 | 8.48E-02 | 2.79E+01 3.97E+01 4.78E+00
krjc?ts LQR 4.97E-02 | 4.63E+01 7.95E+01 0.00E+00 | 2.89E+01 4.10E+01 3.45E+00
Hoo 1.03E+00 4.91E+01 8.21E+01 6.03E-02 2.71E+01 3.85E+01 4.53E+00
PID 1.09E-01 3.53E+01 6.63E+01 | 3.70E-01 3.48E+01 4.58E+01 2.78E+00
knzc())ts LQR 8.17E-02 | 4.05E+01 | 6.80E+01 | 3.42E-02 | 3.56E+01 4.79E+01 2.24E+00
Hoo 1.10E+00 4.25E+01 7.16E+01 3.10E-02 3.53E+01 4.73E+01 2.78E+00
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