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ABSTRACT

Model Predictive Control (MPC) is one of the modern control methods, which has many
advantages. Nowadays, this control method has been being researched by scientists in applying it to
controllers, which have high intelligence level. This article presents the Underwater Vehicle dynamic
Model (UVM). Based on which, the equation of state is built to define one of the Underwater Vehicle
position parameters, which is its depth. In the result, a new solution applying MPC to the Autopilot
Underwater Vehicle (AUV) in case of adjusting its depth without the operator is proposed. The aim of
this method is to improve the level of AUV intelligence. The results of simulation in the Matlab software
shows that this solution is advantageous and feasible.

TOM TAT

Piéu khién mé hinh dw béo la mét trong nhitng phuong phép diéu khién hién dai c6 nhiéu wu
diém. Hién nay, phuong phap nay dang duoc céc nha khoa hoc nghién ctru dé (rng dung vao céc bd
diéu khién c6é dé théng minh cao. Bai béo nay gidi thiéu mé hinh dong hoc cia tau ngdm. Ttr mé hinh
nay xay dung phwong trinh trang thai xéc dinh mot trong nhiing théng sé dé dinh vi vi tri tau ngém, dé
la d6 séu ctia né. Trén co sé dé dé xuat mét gidi phdp méi la (rng dung phuwong phép diéu khién mé
hinh dw béo vao thiét bj lai tw déng trang bi cho tau ngdm, khi can diéu chinh dé séu cta né, khéng
cén c6 nguoi diéu khién. Muc dich cua gidi phap la lam tdng thém mirc do théng minh cua thiét bj lai
tw dong trén tau ngdm. Céc két qud mé phdng trén Matlab sé minh ching cho tinh diung dén va kha
thi cua gidi phap nay.

I. INTRODUCTION

Model Predictive Control (MPC) is one
of  the modern control methods, which has
many advantages. Nowadays, this control
method has been being researched by scientists
in apply it to controllers, which have high ()ﬂ
intelligence level. This article presents the ‘
Underwater Vehicle dynamic Model (UVM) in I
section 2. In section 3, based on UVM, a new
solution applying MPC in the Autopilot

“Water surface

Fig. 1 The UVM.

Underwater Vehicle (AUV) in case of adjusting
its depth without the operator is proposed.
Section 4 covers conclusion.

1. THE UNDERWATER VEHICLE
DYNAMIC MODEL

UVM s depicted in figure 1 [1]. The
simple form of equation of motion is obtained
with body axes coincident with the principles
axes of inertia, and the origin at the center of
mass center of gravity (CG), in this case, the
equations in the dimensionless are:

X=m[u+qw —w];

Y =m[V+ru—pw];

Z=m[Ww+pv—-qu];

K=Ixp+(I,—ly)ar;

M =1yq+(ly —1,)rp;

N =1,f+(ly —Ix)pq 1
The 6 DOF components of the rigid body

dynamic equations of motion of the submerged
vehicle are:
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X=m[u-wr +vvq—xG(q2+r2)
+YG (Pa—F) +zg(pr+a)l;

Y =m[V+ur—wq + Xg (pq + 1)
~ye (p* +1%) +zg(ar - p)l;
Z=m[W—uq+w + Xg (pr—q)

+ys(ar+p) -z (% +99)];

K=1xp+ (I —ly)ar+lyy (pr—¢)
- Iyz(q2 -r%)- Ix (PQ + )
+mlyg (W—uq +w) -z (U +w —wp)J;
M =1lyG+(Ix —12)pr—Ixy(ar—p)
_lyz(pq_f)_lxz(pz _r2)
+M[Xg (W—-uq+w)-zg (U—vr —wq)];

(2)

N =1, +(ly = 1,)pg — Iy (p* —¢°)

—lyz (pr+4) + Iy (ar — p)
+MXg (V+ur —wp) —yg (U~ vr —wg)]
where X, Y, and Z are surge, sway, and heave
force; K, M, and N are roll, pitch, and yaw
moment; p, q, and r are roll, pitch, and yaw rate;
u, v, and w are surge, sway, and heave velocity;

X, Yy, and z are body fixed axes in positive
forward, positive starboard, and positive down;

Iy, 1y and I, is vehicle mass moment of

inertia around the x-axis, around the y-axis, and
around the z-axis; Xg, Yg, and zg are

longitudinal position, athwart position, and
vertical position of center of gravity; ¢,0, and
y are roll, pitch, and yaw angle.

We can further simplify equations (2) by
assuming that yg is small compared to the

other terms. After several steps of linearization
as in [2], vertical motion equations become:

0=q;
(M—=2Zy)W—(MXg +Z4)q =
ZUW + (M + Zg)Ug + U?Z45;

(—My, —mxg)W + (I, —Mg)q =
—(zgW -2g)0+ M, Uw
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+(Mg - mxg)Ug — M5U?s;

z=-Ub+w; (3)
It can be rewritten in the matrix form:
1 0 0 0] 6
0 (m-2Zy) -(Mxg+Zg) Ofw|
0 (-mxg-My) (ly-Mg) 0]q|
0 0 0 1]z
0 0 1 0f 6
0 ZyUu  (m+Zyu 0w (4)
-(2gW-2gB) MyU (Mg-mxg)U 0} g
-U 1 0 0z
0
2
+ I\Z/IZLlJJZ 0,
0
Then, the UVM dynamic equation

typically represented using the notation:
X =AX+Bu,

with state vector: x=[0 w q z]'

and the control input u =3, U is velocity of the
UVM. Can be rewritten in the form:

0 0 0 1 ofe
W _ aleGB 8.22U 3.23U Ollw
q| |asZes azpU azgU 0)q
Z -U 1 0 0| z
(5)
0
b U2
+ 2 |0
b,U
0

where:

Dv=(m-Zy)(ly —Mg) - (MXg + Zg)(MXg + My,) ;

ZGB = 4G —ZB:
_(me +Zg)W

a =
21 Dv
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(Iy +Mg)Zy +(MXg +Zg)Myy

ax = Dv ;

g = (Iy =Mg)(m+Zg) +(MXg +Zg)(Mgq -mXg)

Dv
(mXG —Zq)W
g =——n-—
31 Dv
(m-2Zy)My, +(MXg + My )Ms
azp = ,

Dv

(M=Zy) (Mg —mxg) +(mxg + My, )(m-Z,)

doo = ;
33 Dv
b =(|y—Mq)ZS+(mXG +Zq)M6 )
1 Dv ’
b _(Iy_ZW)M8+(mXG+MQ)ZS )
2= )

Dv

I11. APPLICATION OF MPC IN THE
AUTOPILOT UNDERWATER VEHICLE
FOR DEPTH CONTROL

Block diagram apply MPC to UVM in
figure 2, where r(t) is the desired depth (or
setpoint), &(t) is the control signal (or control
signal input), v(t) is the measured disturbance,
d(t) is the unmeasured disturbance, z(t) is the
depth (or UMV output), n(t) is noise and y is
the measured output

Measured Disturbance

i ‘ v
—

Noise

Setpoint . | Actuator o
—{ MpC ——|UVM
d Output
y Unmeasured
Disturbance

Measured Output (Controlled Variable)

Fig. 2 Block diagram apply MPC to UVM

The problem is to find the control signal
d(t), which makes the depth z(t) follow very
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closely to the desired depth r(t). The below part
presents the solution that applies MPC to
adjust the depth of UVM.

3.1. Optimizing of AUV Standard Form

MPC action at time k is obtained by
solving optimization problem:

min
AS(KK),q.., AS (M —1+KK),

2
Wiy+llj(yj(k+i+]1k)—rj(k+i+11k))‘

p-1( Ny
NI
i=0/ j=I

ns ] 2 ns .
Ly ‘wﬁ%j(mqk)‘ Ly ‘wf‘j i35k +ik)
j=1 j=1

) 2
~Bjtarget (K +K)) )+p882} (6)
w?® = blkdiag(Rg,..., Rs);
wY =blkdiag(Q.,..., Q);
w49 = blkdiag (R zg,-.., Ra5); @)

where: p8=105maX(Wﬁju’WHj’Wi¥j)  the

block-diagonal matrices repeat p times, i.e.,
once for each step in the prediction horizon, the
subscript (.)j denotes the j-th component of a
vector, (k+ilk) denotes the value predict for
time (k+i) based on the information available at
time k, and r(k) is the current sample of the
output reference.

Subject to:

8jmin (i) = &V} min (i) < 8;(k +ik)

< B jmax M+ 8Vj8 max (1);

Ajin (1) = V' fnin (i) < A3j(k + ifk)
< A8 jmax (1) + eV 5 ();

Yjmin (@) =&V i () < yj(k +i+1k)

. _ )
< Yjmax () + Svjymax (1);

where: AS(k + h|k) =0;h=m,..,p-1;
i1=0,.,p-L ¢ is the slack variable £>0;
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with respect to the sequence of input increments
[AS(K[K),...,Ad(m-1+k|k)] and to the slack
variable €, and by setting d(K)=8(k-
1)+AS8(K|k), where Ad(k|K) is the first element
of the optimal sequence; &jmin, Ojmax

Adjmin » Yimin:  Yjmaxare
lower/upper bounds on the corresponding
variables. The Equal Concern for the

Relaxation (ECR) vectors Vr?“n, V%ax,
VA VRS, VY Vidhay have nonnegative
entries which represent the concern for relaxing
the corresponding constraint; the larger V, the
softer the constraint. V=0 means that the
constraint is the hard one which cannot be
violated. By default, all input constraints are

hard: (Vi = VSax = VA, =VAS, =0) and all

output constraints are soft (VﬁT’] =V ax =).

in ~
As hard output constraints may cause
infeasibility of the optimization problem (for
instance, because of unpredicted disturbances,

model mismatch, or just as numericalround

off), a warning message is produced if
V%in,v%ax be small values and

automatically adjusted. Note that also ECRs can
be time varying.

3.2. Alternative Cost Function

There is an option to use the following
guadratic objective instead of the standard one

(6):
p-1
J(A8,6)= ¥ [y(k+i+1k)-r(k+i 0] QLy(k +i +1k)
i=0
—r(k+i+1)]+ AS(K +ilk) TR a5 AS(K +i[k)
#[8(k +iK) — Bt arger (< + 1T R[50k +ilk)

(9)

where Siarget (K +1) is the desired depth for

—Btarget (K+1)]+ pSSZ

the control signal.
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3.3. The Unconstrained MPC

The optimal solution is computed
analytically in case of the unconstrained MPC:
@] [vo
C=-KAY| . | Kp+| . | Ky+8(-1)TK;
r(p) v(p)
T
T
6targ et (0)
+ K +X(0) Ky (10)
Starget (P—1)
and MPC sets:  Ad(k) =( (12)
(k) =d(k —1) + Ad(k) (12)
.,.s:f*j%::ic'.::i = ;:';.‘:;» o 4,4
i s ce‘@ __,5_9,- ;’% ey |
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Fig. 3 Physical dimensions of UVM.

3.4. Simulations

We refer to the physical parameter of
UVM in [3] (in figure 3), the state space
equation is in form:

0 0 0 1 ol o
w| | 00175 -1.273 -3559 0|w
q| |-0052 1.273 -2661 0| q
7 -5 1 0 0|z 13)
0
0.085
+
21.79
0
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To perform simulation in Matlab [4] with
the noise n(t) in figure 5. The simulink diagram
of applying MPC to AUV for depth control is in
figure 4. Applying the optimal solution is
computed in case of the unconstrained MPC to
AUV, we get results of simulation in figures
below.

The depth z(t) (solid line), and the
desired depth r(t) (dashed line) in figure 6. We
find that the depth z(t) follow very closely with
the desired depth r(t). Figure 7 is the control
signal (t). Figure 8 is the pitch rate q(t). Figure
9 is the heave velocity w(t). Figure 10 is the
pitch angle 6(t).

oo
I

eeeee

MPC m

MPC Controller

Fig. 4 The simulink diagram of applying MPC
to AUV for depth control.

o
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Fig. 5 The noise n(t).

Fig. 6

(dashed line).

r
|
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The depth z(t) (solid
line), and the desired depth r(t)
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Fig. 7 The control signal &t).
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Fig.11  The
Simulink/Matlab.
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The heave velocity w(t). Fig. 10 The pitch angle &t).

The result in Simulink/Matlab of MPC
which is applied to AUV for depth control is in
figure 11.

IV. CONCLUSIONS

Based on the results of simulation by
Matlab software when applying MPC to AUV
for depth control, it can be shown that this is an
effective solution because the depth z(t)
follows very closely with the desired depth r(t).
Furthermore, these results of this solution also
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show that MPC is the virtual modern control for plant types, which are linear or nonlinear
method. In comparison with other control MIMO model. As a result, we absolutely
methods, the advantage of MPC is its easy conclude that this solution is advantageous and
application. MPC may be applied in controllers feasible.
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