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Gain Optimization of a Controller with Decomposition of Thrust Force
and Actuation Limit Algorithm for a Tilted Thrusting Underwater Robot
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This paper presents gain optimization for a controller of a 6- DOF underwater robot with tilting thrusters. PID control system
with anti-windup technique is designed to stabilize the hovering motion of the robot. The controller comprises thrust vector
decomposition to overcome nonlinearity of the thrust vector and also includes an algorithm to compensate for saturation of
thrusters. A total of 24 control gains should be tuned in this controller, and gain optimization is performed according to four
system errors using genetic algorithm. First, 18 PID control gains were optimized and then 6 gains were optimized to affect
anti-windup. As a result, control gains optimized by the integral absolute error showed the best performance, and it is
verified that tracking error in position and orientation of the robot were reduced by 29.38% compared with initial gains.
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2. Tilting Thruster Underwater Robot (TTURT)
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Fig. 2 Block diagram of PID-Anti windup control system

3. Mlof o= ==}
3.1 &[x5} 26| F2

Aol ol5& Asto] AlAFe] P/
o1t od ol AT dee Y .
ol K, Ky, K, K, & 24719] Ao} o] 55 H3}sto] 2
5o 1A 9 A 2% A= 22S) g PID A|017]9] K,
K, K2 18712] Ao o]5ute WA 2 Aslet &, ¢ efjl=
ol gF= F= KB oA A3} it

C
(]
ol
)

*
>
N
S
2
1AL
T
rh

I s

st BAYSE thx WPHESY AegeuE st
gom, o] AL WiGel Yt BEUAE Al 1T 4

S}
=
olo] ANT HHBE T & ek gl Ytk ANE B

T ofel 2t 2rt.
min (100 log(ex2 + ey2 + ezz + em”2 + ep,-tchz + eyawz)) “)

oA7|A A &4} e, e, ex= x, 3, ZHFOE 0.3 mo] Al
o 27 SIS U =3te] 913 oxE julabl, A o3}
iy €pirchs Gae= Roll, Pitch, Yawe] AR 20°9] At ¢l2lS
Felsle o] eake ojujat.

Awle] 9A1E Helahs wols ol2i7 A7} gk Alx
o xjoll= Al 24} A& (Integrated Square Error, ISE), &
o) 22} ZE7k(Integrated Absolute Error, IAE), AJ7FHS 3535t A
I 22} Bk (Integrated Time Square Error, ITSE), A|7HS &
3k A 92} AE7H(Integrated Time Absolute Error, ITAE) S
o] de| deA glom ]l 719 AAF eAFE ool L
Ak FALY ey, e, e o e @ars AAFE W ISE,
IAE, ITSE 18] ITAES #-835t0] 3 Ul ¥ 2Z3E 35t
Act.

SE = | e(r)? dt ©)
0

HE = [lew)]d: ©)
0

Population
Initialization

> Fitness fn.

Reproduction

Simulation using Simulink
: error / overshoot
/ settling time

Stopping
Criterion

Fig. 3 Flow chart of genetic algorithm optimization method

o0
ITSE = jte(t)z dt @)
0
o0
mAE = [ tleqo)|dr ®)
0
29), 410y =3} BA2) szl 55 2o A
AAQ FAYS Pste] 21 E(Overshoot) 30% ©]5}, 7
2+ A 7k(Settling Time) 15% o]31= Algkz o2 A ol3t9ih
Overshoot < 30% )
Settling time (t;) < 15 sec (10)
32 A

Adare]ES FAA AT AAgEolehe 1ske]

| es 39 o Hoble Mz

9] 3ltoltt. MathWorke] AF8-Z 2 712] Matlab®] %]
s

o} A0 ga fE ol8s] olF A EE 4

www.dbpia.co.kr



1028 / November 2019

@) o5
_ 04
'g 0.3
(=1
]
£ 027
g
01t
o
0
-0.1 : ‘ , - J
0 10 20 30 0 10 20 30 10 20 30
) Time [s] Time [s] Time [s]
( ) 30 (C) 30 (f) 30
=0 —ISE Eo —ISE ) —ISE
3 —IAE 3, —IAE 3 —IAE
= 200 —Itse [| g 20 —ITSE o4 5 2077 —ITSE
° —ITAE 2 —ITAE S ——ITAE
g 10 - - -Command g 10 - - -Command | ‘E 10t - - -Command
o o o
= 5 5
I 0 0 10
S 2 ]
~ -9 >
-10 -10 -10
0 10 20 30 0 10 20 30 0 10 20 30
Time [s] Time [s]

Time [s]

Fig. 4 Step responses of four optimized gains; (a) X-Position; (b) Y-Position; (c) Z-Position; (d) Roll-Orientation; (e) Pitch-Orientation; and (f)

Yaw-Orientation
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Fig. 6 Tilting angle of front thrusters; (a) without considering saturation; and (b) with considering saturation.

—X —Y —Z —Roll —Pitch —Yaw
(a) ---X---Y ---Z (Command) - - =Roll - - -Pitch - = -Yaw (Command)
0.2 — 15 :
— &
g0l /‘v =0
] =
5 0 S .15
£-0.1 s
o 5 -30
£ 02 -\ AT 2
-0.3 e © s : o
10 20 30 40 50 60 0 10 20 30 40 50 60
(b) Time [s] Time [s]
0.2 " — 15 .
— &
g 017 7 =0
= 0 'f =
S 215
£.0.1 s
g 5 30 .
£ -02r-N\= = 2
0.3 © s
10 20 30 40 50 60 0 10 20 30 40 50 60
(c) Time [s] Time [s]
0.2 ; — 15
— &
g 0.1 ek <0
= 0 :/(\ g 3\
1S) S .15 \
Z.0.1 8 A\
¢ 530 }
£ 0.2 - -N\esme= 2
-0.3 e © s e
0 10 20 30 40 50 60 0 10 20 30 40 50 60
(d) Time [s] Time [s]
0.2 : — 15 .
— &
g 01 Yl = 0 -
g 0 ! g 15 ‘\
Z.01} s A\
P I NS — 5 -30 C
& -0. 2
03 © s
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [s] Time [s]

Fig. 7 Position and orientation of TTURT according to four control gains optimized with performance index; (a) ISE; (b) IAE; (c) ITSE;
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Table 2 Errors with optimized control gains

ISE IAE ITSE ITAE

Initial 12.6170 154.0076 73.5153 22252
PI-ISE 11.5996 172.6354 67.7708 2843.6
PI-IAE 10.9731 144.4892 51.2914 2060.9
PI-ITSE 11.5945 173.1438 67.6788 3010.5
PI-ITAE 14.4326 233.8555 141.5604 5036.9

Initial ISE IAE ITSE ITAE

T

Initial  ISE IAE ITSE ITAE

ITSE

Initial  ISE IAE ITSE ITAE

T T T

Initial ~ ISE IAE  ITSE ITAE

Fig. 8 Comparison of errors with optimized control gains
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