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ABSTRACT

Since the behavior of an autonomous underwater vehicle (AUV) is influenced by disturbances and moments
that are not accurately known, the depth control law of AUVs must have the ability to track the input signal
and to reject disturbances simultaneously. Here, we proposed robust tracking control for controlling the depth of
an AUV. An augmented closed-loop system is represented by an error dynamic equation, and we can easily
show the asymptotic stability of the overall system by using a Lyapunov function. The robust tracking controller
is consisted of the internal model of the command signal and a state feedback controller, and it has the ability
to track the input signal and reject disturbances. The closed-loop control system is robust to parameter
uncertainties. Simulation results showed the control performance of the robust tracking controller to be better
than that of a P + PD controller.

Key Words : AUV(XE F2I&%), Robust Tracking(Z¢l FH), Pole-Placement Theory(=&Ul{X| O|&),
Asymptotic Stability(&= 2FH), Lyapunov Function(Z|OtZ =X &h)

1. Introduction unpredictable ~ environment in  the  ocean.
Generally, the controlling scheme of an AUV are

Recently, AUV is frequently used to carry out a categorized into three categories such as heading

variety of missions including exploration for the control, dive plane  control, and speed control.  We

ocean floors or military purposes. But there are many only considered the dive plane dynamics for depth

difficulties to control AUV partly due to complex control in this thesis.
Many control techniques have been proposed for
the depth control of AUV. Kadam et al®! linearized
# Corresponding Author : ccnyun@kumoh.ac.kr and approximated the overall depth control system of
Tel: +82-54-478-7453, Fax: +82-54-478-7449 AUV as IPDT(Integral Plus Dead Time) system, and
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tuned PD (Proportional-Derivative) controller with
disturbance observer. But they did now show the
disturbance rejection ability explicitly. Park et al.™
suggested PD controller control the wvehicle pitch in
an inner loop controller, and P controller control the
depth of AUV as a outer loop controller. Vahid et
all¥ proposed the same P+PD controller in order to
promote the control ability of PD controller, but this
method had the difficulty in tuning the controller and
inability to disturbance rejection. Hong et al.® used
P+SMC(Sliding Mode Control) as feedback controller
and adaptive feedforward controller to compensate the
pitch angle, but this overall control system was too
complicate to realize.

The FLC (Fuzzy Logic Control)'"¥ and Neuro-fuzzy

controller!

are adequate for the complex industrial
process, but they may not give the excellent control
performance if the controlled plant has uncertainty
and high nonlinearity. Moreover, Traditional FLC
showed the steady state error if the type of the
controlled system is O-type.

Ma et al.”! proposed SMC (Sliding Mode Control)
and Kadar et al® suggested the DSMC (Discrete
SMC) to control the depth of AUV. In spite of the
SMC is robust in the sliding mode, the equivalent
control input depends on the nominal parameters of
AUV in the approaching mode. So the SMC may not
guarantee the robust in case of severe parameter
uncertainties.

In this thesis, we proposed robust tracking control
of the depth control for AUV to tackle the tracking
the desired input and the rejecting disturbance
simultaneously. The technique is developed based an
error dynamic equation using state feedback, the
closed-loop control system will have the desired poles
using the pole placement theory. So the asymptotic
stability of the overall system is guaranteed by
Lyapunov function, and it have the ability of tracking
the desired input, disturbance rejection and robustness
property. The simulation results showed that the
proposed controller have better control performances

than the results of P+PD in presence of environmental
disturbances and uncertainties.

2. Dynamic equations of AUV

The motion of an AUV can be derived by six
degrees of freedom differential equations of motion'"”!
using two coordinate frames shown in Fig. 1 and the
parameters listed in Table 1.

The positions vector 7, = [z y 2] and Euler angles
vector 7, =[¢ @ 9] are defined in the earth-fixed
coordinate frame, the velocity vector v, = [u v wl
and the angular velocity vector v, =[p qr] are
defined in the body-fixed

respectively.

coordinate  frame

The forces vector 7, =[X Y Z] and the moments
vector T, = [K M N] are defined in body-fixed

frame.

Inertial or Earth-Fixed
Coordinate System

Body-Fixed Coordinate vt
System

Sway: v, ¥

Pitch: g. M
Heave: w, £ Surge: u, X
Yuw: r, N Reoll: p. K
Fig. 1 Reference Frame of AUV™
Table 1 Parameters of AUV
. Force & . Position &
DOF Motion Moment Velocity Euler angle
1 surge X u x
2 sway Y v Y
3 heave Z w z
4 roll K D 10)
5 pitch M q 0
6 yaw N r P
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The linear velocity vector of AUV with respect to
earth-fixed frame can be obtained by the time rate of

the displacements as follows:

u
v
w

77'1: Y :J1(772)V1:J1(772) (D

z

where J,(7,) is the transformation matrix between

two coordinate frame.

cp —s 0 ch 0 s@|[1 O 0
Ji(ny)=1|s ey 0 01 0||0cop —s¢
0 0 1/[—s0 0 cO]|0 sp co
cpcd —cpcptcesfsp  spsoptceysbcod
=|sycl cipcptsislsp —cipsptsipshced
—s6 clso cOco
(@)

where s and c¢ are abbreviation of sin and cos
respectively.

Therefore, the velocity vectors with respect to
body-fixed frame is as follows:
u

v
w

= Jy My, 3)

vy =

In the same way, the angular velocity vector with

respect to body-fixed frame as follows:

) d) 1 ths¢ tOco||p
772:J2(772)V2: ol =10 Cd) 7S¢ q (4)
0 0 s¢/ch c/chl |r

The kinematic equation of motion in depth plane
with respect to pitch 6 and heave z (assume
p=¢=0) are given as (5) and (6) from (2) and
.

z= —sinfu+cosfw )

0 =cosfq 6)

Assume the forward speed 6 of AUV to be
constant at the steady state, then (7) can be linearized
as (7) and (8), because of sinf =6 and cosf =1.

2= —uyf +w @)

0=q ®)
Therefore, the simplified equation of motion in
depth plane can be written by assuming the origin of

the body-fixed frame is center of mass as follows:

mlw—uyq) =Y,2

=7, wtZ, g+ Zw + Z,q+ 70, ©)

Li=YM
=M, w+M,q+M,w+Mg— M, 0+M;3, (10)

Together the equations (7)~(10) can be

conveniently written in a matrix form as:

m—Z, —Z.  00]|w
0 0 1 0[]0
0 0 01]]z

- Zu; m u(] - Zq 00 w Z(S

- M, -M, M, 0 M,
w q 0 q — ) 11
0 -1 0 0|0 0 6 (D
—1 0 Uy 0Lz z

The heave velocity during diving is less than
0.05[m/s][14], thus terms containing w and w can be
neglected. So the state-space model in depth plane of
AUV can be expressed as:

, M, =M, M,
q T—a - 9] [T
9 — Y q Y q 9 + Y q 69
: 1 0 o||. o |
z
0 Uy 0 0
(12)

where M, is pitch moment due to g, AM(-] is pitch

moment due to ¢, [, is vehicle inertia around the

pitch axes, M, is theu hydrostatic moment coefficient,
u, 1is the desired reference velocity, and M is fin
lift coefficient.

According to the parameter in Table 2[6], the
linearized equation of motion in depth plane is given
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as (13).
q —106 —14.8 0f|q —1.7
0| = 1 0 0]|0|+] 0 |6, (13)
o 0 =20 0]z 0
Table 2 Parameter Values of AUV'®
parameter parameter

M, =—458 [kg.m?] M, =9826.2[g.m"/s]
ly = 469[k:g/m2]

uy =20

M, =13,719.6[kg.m’ /s’
My =—1,5759 [kg.m?/s]

3. Robust Tracking Controller

In this section, we present the design of robust
tracking controller to have the ability to track the
step input and to reject the step disturbance.

Consider a dynamic equation given by (14).

z(t) =Az(t) +Bu(t), y=Cz(t) (14)

where x is the state vector, w is the input, and y
is the output.

Define the tracking error e(t) for step input as
follows:

e(t) =y(t)—r(t) (15)
Taking the time derivative of equation (15) yields
et) =y () =Ca(t) (16)
We define the two intermediate variables as
follows:

z=z and w=u (17)
Then an augmented system is given as follows:
e|l_[oClle]. [0

H_[o sl (5] (18)
If the augmented system in equation (18) is

completely controllable, we can find the closed loop

system to be as equation (19) using the control
feedback of the form as equation (20).

i0 =[50 = |-z 4] [20)]

0 C
:[*I(&B (A,B&)}U(t) (19)
w=w=—Ke—K-z (20)

where K| is scalar, K, is nX1 vector. n is the
order of the system matrix A.
The character equation associated with equation

(18) is as follows:

det \M[— (A— BK,)|+K,BC] =0 21

If all the roots of the characteristic equation place
in the left half-plane using pole-placement theory,
then the closed-loop system is asymtotically stable for
any initial conditions U(tﬂ). v(t) is approaching to 0
as t is approaching to infinity.

As the augmented error equation have the tracking
ability to step input, the steady-state error is zero.

Integrating the equation (17) into the equation (21),
and the corresponding the block diagram of the
closed-loop system including the controller is shown
in Figure 2.

In Figure 2, the controller includes one integrator
because of the Laplace transformation of step input,
so this method is also called the internal model
design technique.

u(t) = ~K, [ e(ar— Kz (1 )
0

EIS): u H o : Gnfs) JE|
i | Y

Fig. 2 Integral Controller for a step input”
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The design procedures of robust tracking controller
for any other non-decaying input are the same as
step input, the internal model of ramp input has two

integrals.
4. Computer Simulation and Discussion

In this thesis, we simulate the depth control for
AUV  under the wvarious condition using robust
tracking control technique.

We first consider the step response of AUV, when
the magnitude of step input is —4. If we assign the
desired poles of the closed-loop characteristic equation
as —1+06¢ and —10, then K =80 and
K, =[440.8 246.56 21.4]. The parameters of P+PD
are k=10 and Fk,+k;s=0.440.15s under the
same desired poles. The simulation results using
robust tracking controller and P+PD controller are
shown in Fig. 3(a) and 3(b).

Step Response using RT and P+PD

Veel®
= = = Yeea® | ]

o 2 4 B 8 10 12 14 16 18
Time [sec]

Fig. 3(a) The Step Response of AUV

Step Response using RT and P+PD

V(0
. )

y,08y,,0

Time [sec]

Fig. 3(b) The Detail Step Response in Partial Time

Disturbance Response using RT and P+PD

yd, (&)
5L S S — — —yd 4 [
7 X 4.16
/ Y 5.03826
4t 7 4
= /
£S5 1
Ss 3 1 7
= !
= 1
& 2 =
= !
i
1 ' x o097 7
; | Yo.116568
s}
-1

o} 2 4 6 8 10 12 14 16 18
Time [sec]

Fig. 4 The Disturbance Response of AUV

In Fig. 3(b), the step response using robust
tracking controller has maximum overshoot —4.02 at
5.46[sec] and the step response using P+PD
controller has the maximum overshoot —4.04 at
4.0[sec]. The control performance such as rise time,
settling time are almost same, but the response using
P+PD controller is a little faster than the response
using robust tracking controller.

In order to show the robustness for the step
disturbance, we simulate the disturbance response
when the magnitude of the disturbance is +2. The
maximum value of disturbance response using robust
tracking controller is about 0.12, and the disturbance
is rejected at 3[sec] perfectly. Since the closed-loop
transfer function from disturbance to output with
P+PD controller is O-type, so P+PD controller have
no ability to handle the disturbance, in this case the
final values of step disturbance is 5.

Now, we consider the robustness for the parameter
uncertainty. The dynamic equation of the worst

(2]

case’ in case of 50% variations from the nominal

values are as follows:

gl [-53 =76 0|[q] [-17
o= 1 0 o|lg|+| o |g, (23)
: 0 =30 0][z 0

Fig. 5 is the step response with or without the
parameter uncertainties when the proposed controller
is used. In case of parameter uncertainties, the
maximum overshoot is —4.22 at 3.18[sec] and the
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settling time is almost the same as without parameter
uncertainty. This shows the proposed controller is
robust in spite of severe parameter uncertainties.
Finally, we will show the simulation results when
the disturbance and parameter uncertainties are exist
simultaneously. Fig. 6 shows the disturbance response
simulation results in the worst case. When the
disturbance response simulation results when the
parameter uncertainties. The maximum overshoot is
—5.45 at 1.29[sec], this value exceeds the sum of
the disturbance response and the response when
parameter uncertainties. And the output tracks the
6.08[sec]
without steady-state error. This shows that the

desired command signal precisely at

Step Response without/with Parameter Uncertainty

¥, (0 &ypu (t)

-3.5 4
X 3.14
S4HY 42206 | e
- X 5.33
45 Y -4.00185 ! ! . .
0 2 4 © = 10 12 14 16 18

Time [sec]
Fig. 5 Tracking Response in case of Parameter
Uncertainties

Step Response with Parameter Uncertainty

ypu, (O
—_—— t
YPU O |

V| X1.29

o 2 4 6 8 10 12 14 16 18
Time [sec]

Fig. 6 The Disturbance Response with Parameter
Uncertainty and Disturbance

proposed robust tracking controller is robust amidst

severe ocean conditions.

5. Conclusion

In this paper, we proposed the depth control of
AUV using robust tracking control technique. Since
the behavior of AUV is effected by the poorly
known disturbance forces and moments, the depth
control law is equipped to track the command signal
and to reject disturbance at a time. Since the
proposed control system contains the internal model
of the Laplace transformation of the command signal
and the state feedback
closed-loop control system is stable and robust amidst

controller, the overall
severe ocean environment.

showed the
excellent control performance to track the command

The computer simulation results
signal and the robustness under the severe parameter

uncertainties.
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