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In the presence of unknown time-varying disturbances and input saturation, this paper develops a robust
nonlinear control law for the dynamic positioning (DP) system of ships using a disturbance observer, an
auxiliary dynamic system, and the dynamic surface control (DSC) technique. The disturbance observer
is constructed to provide the estimates of unknown time-varying disturbances, the auxiliary dynamic
system is employed to handle input saturation, and the DSC technique makes the designed DP control law
be simple and easy to implement in practice. It is proved that the designed DP robust nonlinear control
law can maintain ship’s position and heading at desired values, while guaranteeing the uniform ultimate
boundedness of all signals in the DP closed-loop control system. Finally, simulations on a supply ship are
carried out to demonstrate the effectiveness of the developed DP control law.
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1. Introduction

A dynamic positioning (DP) system aims at regulating the
horizontal position and heading of the vessel exclusively by means
of its own propulsion system (Serensen, 2011). Compared with
the traditional anchor moored positioning, the DP mode has the
advantages of working in the deep sea, high positioning accuracy,
and avoiding damaging the seabed (Fossen, 2011). With the ocean
exploration and exploitation moving into the deep and distant sea,
the DP system has been increasingly used in offshore operations,
such as offshore oil and gas drilling, underwater cable and pipe
laying, and wreck investigation (Hassani, Serensen, & Pascoal,
2013).

With the advances of the nonlinear control, the DP nonlinear
control has gradually gained much attention. In 1990s, the DP
nonlinear control laws were developed by using the backstepping
method (Krsti¢, Kanellakopoulos, & Kokotovi¢, 1995) in component
form in Grgvlen and Fossen (1996) and in vector setting in
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Fossen and Grevlen (1998), respectively, where disturbances due
to waves, currents and wind were neglected. In Fossen and
Strand (1999), Fossen and Strand proposed a passive observer
with wave filtering for the DP system to estimate low-frequency
positions and velocities of ships from noisy position measurements
and bias states (environmental disturbances). Combining the
passive observer and a proportional-derivative control law, Loria
et al. presented a globally asymptotically stable controller for
the DP system, the effectiveness of which was demonstrated
by experimentation with a 1:70 scale model of a supply ship
(Loria, Fossen, & Panteley, 2000). Benetazzo et al. presented
a DP discrete variable-structure controller with Kalman filters
estimating the disturbances, which exhibits better performance
than the proportional-integral-derivative (PID) controller with
the passive observer (Benetazzo, Ippoliti, Longhi, & Raspa, 2012).
Considering the variations of sea states, Hassani et al. designed
a bank of Kalman filters for the DP system to adapt to sea
state variations using the multiple model adaptive estimate
techniques (Hassani, Sgrensen, Pascoal, & Aguiar, 2012). Nguyen
et al. proposed a hybrid controller for the DP system using the
supervisory switching control so that different controllers can
be switched online according to sea state variations (Nguyen,
Serensen, & Quek, 2007). Considering unknown time-varying
disturbances, Du et al. proposed a robust adaptive neural controller
for the DP system, where ship unknown model dynamics and
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time-varying disturbances are compensated for by adaptive radial
basis function (RBF) neural networks (Du, Yang, Wang, & Guo,
2013). In the presence of ship unknown dynamic parameters,
unavailable velocities, and unknown time-varying disturbances,
Du et al. developed an adaptive robust output feedback controller
for the DP system by incorporating adaptive RBF neural networks
and the high-gain observer into the vectorial backstepping method
(Du, Hu, Liu, & Chen, 2015).

All aforementioned control design for the DP system did
not take into account input saturation. Input saturation is a
potential problem for the DP system since the commanded control
inputs calculated by the DP controller are possibly constrained
by the maximum forces and moment that the propulsion system
can produce. This would give rise to degraded performance
and even instability of the DP control system. Input saturation
puts a challenge on the DP control design. In the presence of
unknown constant disturbances and input saturation, Veksler
et al. developed model predictive control (MPC) for the DP
system combining DP control design with thrust allocation,
where actuator saturation was handled in the optimization
problem of MPC (Veksler, Johansen, Borrelli, & Realfsen, 2016);
Perez and Donaire proposed DP proportional-integral control,
where disturbances and input saturation were handled by the
integral action with anti-windup scheme (Perez & Donaire, 2009);
and Donaire and Perez proposed DP passivity-based control,
where disturbances and input saturation were handled by using
the integral action and anti-windup compensator in the port-
Hamiltonian framework (Donaire & Perez, 2012).

In this paper, simultaneously considering unknown time-
varying disturbances and input saturation, we develop a robust
nonlinear control law for the DP system. To the best of the authors’
knowledge, it is the first time in the literature that unknown time-
varying disturbances and input saturation are simultaneously
dealt with in the DP control design. A disturbance observer
is constructed to estimate unknown time-varying disturbances
and an auxiliary dynamic system is employed to handle input
saturation, on the basis of which the DP control law is designed
by using the DSC technique.

2. Problem formulation

Two right-hand coordinate frames are defined as indicated in
Fig. 1. The earth-fixed frame 0X,YyZ, is an inertial coordinate
frame. The origin O of the earth-fixed frame can be chosen as any
point on the earth’s surface. The axis 0Xj is directed to the north,
0Yj is directed to the east, and 0Z, points towards the center of
the earth. The body-fixed frame AXYZ is a moving coordinate frame
which is fixed to the ship. The origin A of the body-fixed frame is
located at the gravity center of the ship. The axis AX is directed from
aft to fore, AY is directed to starboard, and AZ is directed from top
to bottom. Both the XY, and the XY planes are parallel to the still
water surface. The nonlinear motion mathematical model of a ship
in DP mode is expressed as (Fossen & Strand, 1999)

n=J)v (1
MV = —Dv + 1t 4+ d(t) (2)

where 5 = [x,y, ¥]" is the position vector in the earth-fixed
frame, consisting of the surge position x, the sway position y, and
the heading ¥ € [0, 2] of the ship. v = [u, v, r]” is the velocity
vector in the body-fixed frame, consisting of the surge velocity u,
the sway velocity v, and the yaw rate r of the ship. J(i/) is the
rotation matrix given by

cos(yy) —sin(y) O
J@) = |:sin(1ﬁ) cos() 0} (3)
0 0 1

Earth-fixed
frame

Fig. 1. Earth-fixed frame and body-fixed frame (Fossen, 2011).

with the property ||J()| = 1. Here, | - || denotes the two-norm
of a vector or a matrix. M is the inertia matrix including added
mass, which is invertible, symmetric and positive definite. D is the
damping matrix. T = [y, T, 13]" is the control vector produced by
the propulsion system, consisting of control forces 7; in surge and
7, in sway, and moment t3 in yaw. In practice, the control forces
and moment are subject to saturation nonlinearities due to the
physical limitations of thrusters and can be described as follows:

Timax, f  Tei > Timax
Ti = \ Tdi» if Timin < Tei < Timax 1=1,2,3 (4)
Timin, il Tei < Timin

where Tjnax and Tinin are the maximum and the minimum control
forces or moments that the ship’s propulsion system can produce,
respectively. T, = [Tc1, T2, Te3]! is the commanded control vector
calculated by the DP control law, consisting of commanded control
forces 7, in surge and 7., in sway, and moment 7.3 in yaw.
d(t) = [dq(t), dy(t), d3(t)]" is the disturbance vector, consisting
of disturbance forces d (t) in surge and d, (t) in sway, and moment
ds(t) in yaw.

Assumption 1. The disturbances d;(t),i =1, 2, 3 are unknown
time-varying yet bounded and there exists an unknown positive
constant p such that

Ild@®ll < p. (5)

Remark 1. Since the ocean environment is constantly changing
and has finite energy, the disturbances acting on the ship can be
viewed as the unknown time-varying yet bounded signals with the
finite changing rates. Therefore, Assumption 1 is reasonable.

Remark 2. The environmental disturbances acting on ships can
be separated into low-frequency components induced by second-
order waves, wind and currents and wave-frequency components
induced by first-order waves. The low-frequency disturbances
cause the ship to drift and the wave-frequency disturbances
cause the ship’s oscillatory motions. Compensating for the wave-
frequency components of the wave forces would cause power
consumption and potential wear and tear of the actuators. On
the other hand, it is not necessary to compensate for them, since
they essentially rock the ship back and forth (Veksler et al., 2016).
These motions should be discarded from the position and heading
measurements before they are sent to the DP system, which is
known as wave filtering. Several wave filtering methods have
been proposed (Fossen & Strand, 1999; Hassani et al., 2012).
Therefore, we accomplish DP control compensating only for the
low-frequency components of environmental disturbances.

The control objective in this paper is to design a DP robust
nonlinear control law t, for the ship with unknown time-varying
disturbances and input saturation under Assumption 1, so that
the ship’s position (x,y) and heading 1 are maintained at the
desired values 1y = [X4, Y4, ¥4]T with arbitrarily small errors,
while all signals in the DP closed-loop control system are uniformly
ultimately bounded.
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3. DP robust nonlinear control design

3.1. Disturbance observer design

In this subsection, we construct the disturbance observer
(6)-(7) for the unknown time-varying disturbances d(t) as follows
(Do, 2010):

d(t) = q(t) + KoMy (6)
q(t) = —Koq(t) — Ko(—=Dv + T + KoMv) 7)
where d(t) € R3 is the estimate of d(t), q(t) € R® is the auxiliary
state vector of the disturbance observer,and Ko = K; € R*3isa

positive definite design matrix.

Define the disturbance estimation error vector a(t) € R? of the
observer as

d=d—d. (8)
From (6), (7) and (2), we have
d = —Koq — Ko(—=Dv + 7 + KoMv)

+ Ko(—Dv + 7 4+ d)

—Ko(d — d). 9)

The time derivative of (8) along (9) is

d = —Kod — d. (10)
Select the Lyapunov function candidate as

Vo = %ara. (11)

Using (10), (5) and Young’s inequality, the time derivative of (11)
is

Vo =d'd

=d" (—Kod — d)

B W L L

- 2 2

< — | Amin(Ko) ! aT&+1 2

= min "0 2 2:0

= 2oV + (4 (12)
where o = Apin(Kp) — % with Amin(-) denoting the minimum

eigenvalue of a matrix, C; = % p?, and K, satisfies

1
Amin(Ko) > 5 (13)
Therefore, we have the following theorem.

Theorem 1. Under Assumption 1, the disturbance estimation error
vector d of the observer constructed by (6) and (7) settles within the
compact set £2; = {a € R3|||a|| < &3, &3 > +/Ca/a} which can
be made arbitrarily small by appropriately selecting the design matrix
Ko such that (13) is satisfied. The practical stability of the disturbance
observer is ensured.

Proof: From (12), we have

C, C
0 < Vao(t) < =% + | Vio(0) — =2 €72, (14)
2a 2u

Therefore, Vg, (t) is globally uniformly ultimately bounded. From
(11)and (14), we have

~ Ca Ca ,
ldll =/ + 2] Vao(0) = 5= e (15)

Obviously, dis globally uniformly ultimately bounded. For any
positive constant 3 > /C4/«, there exists a time constant Ty > 0
such that ||a|| < g forallt > T;. Thus, d settles within 25 = {a €
R3|lld]l < &3} Since Cg/e = 10 /[Amin(Ko) — 11, it is obvious that
£2; can be made arbitrarily small by appropriately selecting Ko such
that (13) is satisfied. Theorem 1 is thus proved.

3.2. Robust nonlinear control design

In this subsection, we design a DP robust nonlinear control
law for the ship combining the disturbance observer (6)-(7) and
an auxiliary dynamic system with the DSC technique (Swaroop,
Hedrick, Yip, & Gerdes, 2000; Wang & Huang, 2005; Wang & Lin,
2010; Yang, Nagai, Kanae, & Wada, 2007; Zhang & Ge, 2008),
where the auxiliary dynamic system is employed to handle input
saturation. The whole design consists of the following two steps.

Step 1: Define the position error surface vector S; € R? as

S1=1n—nq. (16)
According to (1), the time derivative of (16) is
Si=J@W)v (17)

where v is viewed as the virtual control vector.
Design the intermediate control vector ¢; € R for v as follows

¢1 = -] 'KiS (18)

where K1 = K{ € R**3 is a positive definite design matrix.
Let ¢1 pass through the following first-order filter

TaXa + Xa = ¢1, Xa(0) = ¢1(0) (19)

where X; € R is the state vector of the first-order filter and T; > 0
is a design constant.

Remark 3. The differential term X4 can be directly acquired from
(19) as Xy = (¢p1,— Xy4) /Ty, which can be used to replace the
differential term ¢ needed in the traditional backstepping design.
As a result, the differential operation is replaced by the simple
algebraic operation so that the designed DP control law is simple
and easy to implement in practice.

Step 2: Define the velocity error surface vector S, € R? as

S =v—Xy. (20)
From (20), (2) and (19), we have
. - X
MSZ=—Du+r+d—M%. (21)
d

To handle input saturation (4), an auxiliary dynamic system is
constructed as follows (Chen, Ge, & Ren, 2011):

Z s2.iATi| +0.5ATT AT
£ =1kt - =
€112

E+ AT, &l =0 (22)

1§l <o

where £ = [£1, &, &3]7 is the state vector of the auxiliary dynamic
system, At = © — 1, K: = K/ € R>?is a positive definite
design matrix, and o > 0 is a small design constant. This auxiliary

O3><1,
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dynamic system (22) can avoid the singularity problem due to
taking & = 05,7 when ||§] < o.
Design the DP robust nonlinear control law as follows

¢1— Xy
d

7. = —K,S, + Dv + M +KE—d (23)

where K; = K] € R¥3 and K; = K] € R**3 are positive definite
design matrices.

Select the Lyapunov function candidate for the whole system
consisting of (1), (2), (6), (7), (18),(19),(22),(23) as

v = terg + Lot + Lyry + 1§T§+ L (24)
I R R R 2

where Y, € R? is defined as

Y, =Xq — ¢1. (25)

The time derivative of (24) is
V =518, +SIMS, + YIY, + £T& +d"d. (26)

According to (17), (20), (25), (18), |J(¥)|]| =1 and Young’s
inequality, we have

S1$1 = SISz + Xa)
=SSy + Yo — ] (YK S1)
= —S1KiS1 + ST/ () (S; + Y2)
T T 1 T 1 T
< =SiKiSi+55i+ 0S5+ oY, (27)

In view of (21), (23), (8), T = 7. + At and Young’s inequality, we
have

SIMS, = SI(—KyS; + K& —d 4 d + A7)
= —SIK,S) 4 STKE — SId + ST At

1 1arn
< =S8, + 555, + 5§TKSTK5$ + 5de +S;AT.  (28)
Using (19), (18), (17) and (20), the time derivative of (25) is

. Y, - 1, .
Y, = T +J7KiS1+J]7 KiSy
d

2 4 -1
T +J7KS +]T K (S + Xa)
d

ﬁ i1 -1 -1
7 +JTKSt +]T K S + Y2 =] KiSh)
d

Y2
—— +B(51,52, Y2) (29)
Ty

where B(S1, S5, Y2) = J7UKiS1 + J K (Sa + Ya — J7IKSy) is a
continuous vector function.
In the light of (29) and Young’s inequality, we have

Ty YzTYZ
Y, Y, < — T + 1Yzl - IB(S1, Sz, Y2) I
d
Y2 Ly 2B, S o) I o (30)
= Td 2 2 1,92, 12 2'

The stability analyses of the DP closed-loop control system are
respectively discussed in the following two cases.

(1) when ||&]] > o, in the light of (22) and Young’s inequality,
we have

3
. 1
T T T T
= —& K& — E $2iAT| — = AT AT AT
‘5 ‘i: S Eé £ | 2,i 1| 2 +§

3
1
< —ETKeE — ; I524A] + €& (31)
Substituting (27), (28), (30), (31) and (12) into (26) yields
. 1 1
V < —STKiS; +5STs, + 5szfsz + 5Y{Y2 — STK»S;

YIy,

d

1 17~
+ SIS, + ESTKSTKSS + 5de +S; AT —
1 2 2 1 T
+ §||Y2|| IB(S1, S2, Y2)II° + 3 —§ K&

3
1 1)~~ 1
=) sy ATl + €78 - [Amm(xo) - f] d'd+ = p?
= 2 2 2

3
< —[Amin(K1) — 11S7S; — [Amin(Kz) - 2] S35
F vy 2 B Ly s, s, v )2
2 2 12 Td 2 2 1592, 12
1 1
- [Amm (Ké- - 51<ST 1<S) — 2] gTg
e 11,
= Demin(Ko) = Nd"d + -+ p?. (32)

Consider a compact set IT = {(S1, S,, Y5, &, a) :V < By, VBy > 0}
in R™. Then, the two-norm ||B(Sy, S,, Y»)|| of the continuous vector
function B(Sy, S, Y>) has the maximum By, on I1. Choosing Tid =

2
% + 37’” + w* with u* being a positive constant, we have
y T 3 T
1% = _[)\min(Kl) - 1]51 Sl - kmin(KZ) - 5 S252
+1YTY 1+B%”+ Y],
52 2 B 5 n 2 12

IB(S1, S2. Y2) I By V21>
B3, 2

1 T 1 T
— | min ( Ke = SKTKs ) = 5 £

=1 1
— [Amin(Ko) — 1]de + 5 + 5'02

(33)

B(S1, Sa, Y2) |12\ B ||Y- |2
5—2M1v+c1—(1_” (51,5 z>||> 2 1%,

By, 2

Amin(K2)— %

where 11 = min{kmin(1<1)—l, pa—T

s I, Amin (K — KT K;) —

%, Amin (Ko) — 1} with Amax(-) denoting the maximum eigenvalue

ofamatrixand C; = 1 + 1p%
(2) when ||&]| < o, in the light of (22) and Young’s inequality,
we have

£TE=0 (34)
1 Ty T 1 Ty, T Ty, T
Es KK & = —Eg KI'K& + ETKI K &
1
< —?;TKST K& + o2 || KT K| (35)

T 1 T 1 2
S;AT < o835 + S AT, (36)
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Substituting (27), (28), (30), (34) and (12) into (26) and using (35)
and (36) yield

) 1 1
V < —STKiS1 + SIS; + 552752 + 5YZT Y, — S; K>S,
1 Tare 1
+ SIs, — EgTKJKSs + o2 |K] K| + 5de + 5s;s2
1 Yy,
+ —JAaz)? = 22
2 lAT] I

1 17~ 1
= — [ Amin(Ko) — = |d"d + = p?
+2 |:mn(0) 2:| +2)O

+1||Y 2|IB(S1, S, Ya2)|I?
5 IV2171B(S:. 52, Ya)

< —[min(K1) = 118751 = [kmin(Kz) — 21555,

1 YIY.
+*2Ty2— 22
Ty

+ v, ., v l?
2 2

1 i
- 5Amm<1<§1<s)sfs — [Amin(Ko) — 11d"d
2 T 1 2 1 1 2
+ o ||KSK5||+§||A‘L'|| +5+5p . (37)

2
In the light ofT—ld =1+ BT’V' + p*, we have

V < —[Amin(K1) — 11TS1 — [Amin(Kz) — 2151,
1 1 B
Yy, — -+ M *)vly.
+ 5 2 12 (2 + 5 +M) 2 Y2
IB(S1, Sz, Y2) 12 B, |IY2 1
B}, 2

1 i

- Exmm(Kst)sTs — [Amin(Ko) — 11d"d
1 1 1

2 2 2

+ o?|IK] K || + SIaTl? + 2+ 20

B, S5, Y2117 By l1Yall?

B3, 2

<2V + G — (1 (38)

where @, = minlkmin(1<1) -1, % TR %)\-min (I<5TKS)3 Amin
(Ko) — 1] and G = o [[KTK; | + AT + 1 + 1p2.
Synthesizing (33) and (38), we have

_IB(S1, 5, Vo) 17 By lIYall?
B2, 2

V<-—2uV+C-— (1 (39)

where @ = min{uq, u2} and C = max{C;, C;} with the design
parameters o, Ty, K1, K, K, Ks and K; satisfying

)Lmin(Kl) > 1 (40)
)Lmin(KZ) > 2 (41)
1 1
Amin | Ke — =K'K; ) > = (42)
T 2
Amin(Ko) > 1 (43)
1 1 B,
— =4 M 44
oL~ 2 + 5 +u (44)
< (45)
> —.
H= 38,

Furthermore, on V(S1, Sz, Y2, §, a) = By, there exists ||B(S1, Sy,
Y5)|| < By, thenV < —2uBy + C from (39). As such, it fol-
lows that V < 0 on V(S1, 5,2, Y2, &, a) = By due to (45). There-
fore, IT = {(51, 53, Yo, &, a) : V < Bp} is an invariant set, i.e., if

Table 1
Saturation limits of Northern Clipper.

Timax = 3.76815 x 10% (kN)
Tomax = 6.8072 x 10% (kN)
Tamax = 7.31 x 10% (kN m)

Timin = —3.76815 x 10% (kN)
Tomin = —6.8072 x 10? (kN)
T3min = —7.31 x 10® (kN m)

V(0) < By,thenV (t) < By forallt > 0.Thus, ||B(S1, S2, Y2)|| < By
holds for all V(0) < By, and then

V<-—2uv+cC (46)

holds for all V(0) < By from (39).
Therefore, there is the following theorem.

Theorem 2. Consider the closed-loop system consisting of the ship
(1)-(2) with unknown time-varying disturbances and input satu-
ration under Assumption 1 and the DP robust nonlinear control
law (23) based on the intermediate control vector (18), the first-order
filter (19), the disturbance observer (6)-(7) and the auxiliary dy-
namic system (22). For all V(0) < By with By being any positive con-
stant, the position error surface vector S; = n — nqy settles within
25, =({S1 € R3| IS11l < &sy, &s; > +/C/u} which can be made arbi-
trarily small by appropriately adjusting the design parameters o, Ty,
Ky, K, Ke, Ks and Ky such that (40)-(45) are satisfied, while all signals
in the DP closed-loop control system are guaranteed to be uniformly
ultimately bounded.

Proof: Solving (46), we have

0=V = —+ [vm) - C] e 2. (47)
21 21
It is obviously seen that V(t) is uniformly ultimately bounded for
all V(0) < By. Therefore, in the light of (24), we know that Sy,
S5, Yo, & and d are uniformly ultimately bounded for all V(0) <
By. Further, we can know from (16), (18), (25), (20), (8) and the
boundedness of d that n, ¢1, X4, v and d are uniformly ultimately
bounded for all V(0) < By.As such, all signals in the DP closed-loop
control system are uniformly ultimately bounded for all V (0) < B,.
Furthermore, according to (24) and (47), we have

IS < \/ g +2 [vw) - zC,J o2t (48)

It is obvious from (48) that, for all V(0) < By and any positive
constant s, > /C/pu, there exists a time constant Ts; > 0 such
that [|S;]| < &, forallt > Ts,. Thus, S; settles within 25, = {S;
e R|ISq]| < s, }, which can be made arbitrarily small by appro-
priately selecting o, Ty, K1, K3, K¢, Ks and Ko such that (40)-(45) are
satisfied. Hence, the ship can be maintained at the desired position
and heading ng = [Xy4, Y4, Wq]” with arbitrarily small errors. Theo-
rem 2 is thus proved.

4. Simulations

In this section, the simulations on Northern Clipper are carried
out to evaluate the performance of the proposed DP control law.
Further, we compare our proposed DP control law with the PID
control law. The dynamic parameters in the motion model (1)-(2)
of Northern Clipper are detailed in Alme (2008). The saturation
limits of Northern Clipper are given in Table 1 (Alme, 2008).

4.1. Performance of proposed DP control law

In this subsection, the simulations are carried out using the
proposed DP control law in two different disturbance cases
corresponding to the different sea states.
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Fig. 2. The simulation results in Case 1. (a) Trajectory of the ship’s horizontal motion. (b) Ship position (x, y) and heading . (c) Ship velocities u, v, r. (d) Control inputs 7y,

Ty, 73. (e) Environmental disturbances d;, d;, d3 and their estimates 31' 82' 83.

The time-varying disturbances are taken as d(t) = J T(4)b with
the first-order Markov process b = —T~'b + W&, where b € R? is
the vector of bias forces and moment, T € R**? is the diagonal time
constant matrix, @ € R? is the vector of zero-mean Gaussian white
noises, and ¥ e R3*3 is a diagonal matrix scaling the amplitude
of .

Case 1: Choose b(0) = [10 kN, 10 kN, 10 kN m]”, T = diag(103,
103, 10%) and ¥ = diag(10?, 10%, 10%).

The desired ship position and heading are taken as ny; =
[0m, 0 m, 0°]". The initial states are 7(0) = [20 m, 20 m, 10°]",
v(0) = [0 m/s,0 m/s,0°/s]", q(0) = [0,0,0]" and £(0) =
[5 x 10%,5 x 10* 5 x 10*]". The design parameters are chosen
aso = 20, T; = 0.3, Ky = diag(1.2,1.2,1.2), K, = diag(3 x
10°,5 x 10%,3 x 10%), K; = diag(5, 5, 5), K; = diag(1, 1, 1) and
Ko = diag(20, 20, 20).

The simulation results are depicted using solid line in
Fig. 2(a)-(e). Furthermore, in order to quantitatively evaluate the
control performance of proposed DP control law, the performance
indices are summarized in Table 2. It is observed from Fig. 2(a),
(b) and Table 2 that the proposed DP control law can regulate the
ship’s position and heading to ny = [0m, 0 m, 0°]7 inaround 110s.

Table 2
Performance indices of the control laws 7. and zpp in Cases 1 and 2.

Control law Control law t, Control law tpp

Case Case 1 Case 2 Case 1 Case 2
Settling time t; (s) 117.3 117.4 115.0 -

f01°3 |s1.1] de (m's) 6619 6702 6327 8761
f0“33 |s1.2| dt (m's) 5427 5461 5352 7123
f0‘°3 |s1.3] dt C's) 956 960 911 1291

Fig. 2(c) and (d) illustrate the boundedness of ship velocities u, v, r
and control inputs 4, 73, T3, respectively. Fig. 2(e) shows that our
constructed disturbance observer can provide the estimates of un-
known time-varying disturbances. It is obvious that the proposed
DP control law achieves satisfactory control performance.

Case 2: Choose bh(0) = [10 kN, 10 kN, 10 kN m]” and T = diag
(103, 10%, 10%) which are the same as those in Case 1, and ¥ =
diag(3 x 10%, 3 x 10*, 3 x 10°) which is changed to 300 times as
large as that in Case 1.

We adopt the same initial conditions and control design
parameters as the counterparts in Case 1, which means that the
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Fig. 3. The simulation results in Case 2. (a) Trajectory of the ship’s horizontal motion. (b) Ship position (x, y) and heading . (c) Ship velocities u, v, r. (d) Control inputs 4,

Ty, 73. (e) Environmental disturbances d4, d,, d3 and their estimates Ei], Eiz, 33.

proposed DP control law is kept unchanged when the ship is
subject to different disturbances due to different sea states.

The simulation results are depicted using solid line in
Fig. 3(a)-(e) and the performance indices are also summarized in
Table 2. It is observed from Fig. 2(a)-(e), Fig. 3(a)-(e) and Table 2
that the proposed DP control law exhibits almost identical con-
trol performance in Cases 1 and 2, which shows that the proposed
DP control law has the good robustness against unknown time-
varying disturbances.

4.2. Comparison with PID control law
In this subsection, the simulations are carried out using the

following PID control law (49) in Cases 1 and 2 in Section 4.1,
respectively.

t
Tpp = KpS1(t) + Kl/ Si(te)dr + KpSi(t) (49)
0

where K, = diag(1.0 x 10°,1.2 x 10°, 1.5 x 10%), K, = diag
(14, 14, 14) and Kp = diag(1.8 x 10°, 1.8 x 10°, 1.8 x 10°).

The simulation results for Cases 1 and 2 are depicted using
dashed line in Fig. 2(a)-(d) and in Fig. 3(a)-(d), respectively.
Furthermore, the performance indices of the PID control law in
Cases 1 and 2 are also summarized in Table 2. It is seen from
Fig. 2(a)-(d) and Table 2 that PID control has satisfactory control
performance, like our proposed DP control law, in Case 1. On the
other hand, it is seen from Fig. 3(a)-(d) and Table 2 that PID control
produces unsatisfactory control performance, unlike our proposed
DP control law, in Case 2. This is because that the disturbance
observer can estimate unknown time-varying disturbances so that
the proposed DP control law can compensate for unknown time-
varying disturbances. Therefore, the proposed control law is more
effective for the DP system of ships in the presence of unknown
time-varying disturbances and input saturation.

5. Conclusion

In this paper, a control scheme combining a disturbance
observer and an auxiliary dynamic system with DSC has been
proposed for the DP system of ships with unknown time-varying



214 J. Du et al. / Automatica 73 (2016) 207-214

disturbances and input saturation. Input saturation is dealt with
in the DP control design by introducing the auxiliary dynamic
system. Any priori knowledge of time-varying disturbances is
not required through constructing the disturbance observer. The
proposed DP control law is simple and easy to implement in
practice due to using DSC. It has been proved that the proposed
DP control law makes positioning errors arbitrarily small, while
guaranteeing the uniform ultimate boundedness of all signals in
the DP closed-loop control system. Simulations and comparisons of
our proposed control law and PID control law have demonstrated
the performance of the developed DP control scheme. In the future
research, we will consider the actuator rate constraints in the DP
control design. Further, we will improve the disturbance observer
so that the DP control scheme with the asymptotic stability is
developed.
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