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Abstract: This paper considers the use of a simplified dynamic window (DW) algorithm to
handle actuator magnitude constraints for a 3 degrees-of-freedom dynamic positioning controller
for ships. To accomplish this, we use the simplified DW algorithm to design a dynamic window-
based controller (DWC) which guarantees that the velocities remain within a feasible set, while
simultaneously respecting the actuator magnitude constraints. The DWC is compared with a
benchmark motion controller which uses nonlinear position and velocity feedback terms. The
comparison is made using performance metrics which consider both control accuracy and energy

efficiency.
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1. INTRODUCTION

Numerous ship motion controllers and autopilots have
been proposed over the years. However, many control
algorithms found in the literature do not explicitly con-
sider saturation constraints for the actuators. Examples of
traditional motion control designs for ships are given in
(Fossen, 2011). Not considering actuator constraints may
lead to unsatisfying performance or stability issues.

In (Fox et al., 1997), the dynamic window (DW) algorithm
is suggested as a method to achieve collision avoidance
and deal with actuator constraints imposed by limited
velocities and accelerations for mobile robots. The DW
algorithm is modified for AUVs in (Eriksen et al., 2016),
and shows promising results for handling actuator mag-
nitude and rate constraints. In (Sgrensen et al., 2017), a
simplification of this algorithm is proposed for a 2 degrees-
of-freedom (DOF) heading and speed controller, by re-
moving the collision avoidance part of the algorithm. This
DW-based controller (DWC) is combined with a motion
controller based on the design in (Sgrensen and Breivik,
2016).

The contribution of this paper is the extension of the 2
DOF DWC presented in (Sgrensen et al., 2017) to a 3
DOF DWC suitable for dynamic positioning (DP). The 3
DOF DWC is compared with a benchmark controller (BC)
from (Sgrensen and Breivik, 2016), where the comparison
is made using performance metrics which consider both
control accuracy and energy efficiency.

The rest of the paper is organized as follows: A mathe-
matical ship model is presented in Section 2; Section 3
describes the assumptions and control objective; Section

4 presents the design of a benchmark controller inspired
by backstepping and constant-bearing guidance; Section 5
presents the proposed DWC concept; Section 6 presents
simulation results, while Section 7 concludes the paper.

2. SHIP MODEL

The motion of a ship can be represented by the pose
vector n = [z,y,¢]" € R? x S and the velocity vector

v = [u,v,r]" € R3. Here, (z,y) represents the Cartesian
position in a local earth-fixed reference frame, while v
is the yaw angle. The body-fixed linear velocities are
represented by (u,v), and the yaw rate is given by r. The
3 DOF dynamics of a ship can then be stated as (Fossen,
2011):

n = R())v (1)
Mv+Cv)v+ D) =r, (2)

where M € R¥3 C(v) € R*3, D(v) € R¥3 and
T = [r1, 72, 73] represent the inertia matrix, Coriolis
and centripetal matrix, damping matrix and control input
vector, respectively. The rotation matrix R() € SO(3) is
given as

R() = |sin(¥) cos(t) 0

0 0 1

The system matrices are assumed to satisfy the properties
M=M">0,Cv)=-C(v)" and D(v) > 0. In this
paper, we use the model and parameters of the model-scale
ship CyberShip Inocean CAT I Arctic Drillship (CSAD)
(Bjorng et al., 2017) for control design and evaluation
through numerical simulations. CSAD is a 1:90 scale
replica of the full-scale Statoil CAT I Arctic Drillship, with

cos(y)) —sin(y)) 0
| [
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a length of L = 2.578 m, and is shown in Fig 1. The inertia

Fig. 1. CyberShip Inocean CAT T Arctic Drillship in the
Marine Cybernetics Laboratory at NTNU.

matrix is given as

M = Mpgp + M 4, (4)
where

m 0 0
Mpgp = [O m m:cg] (5)

0 mxy I,

—-X. 0 0
My = [ 0 =Y, =Y. |. (6)
0 —-N; —N;

The mass of CSAD is m = 127.92 kg, while z, =
0.00375 m is the distance along the z-axis in the body
frame from the center of gravity. The moment of inertia
about the z-axis in the body frame is I, = 61.987 kgm?.
Other parameter values are listed in Table 1. Note that N,
which is marked in bold, has been changed to correspond
better with the actual physical behavior of CSAD. The
Coriolis and centripetal matrix is

C(v) = Crp(v) + Ca(v), (7)
with
0 0 —m(zgr+v)
m(zyr +v) —mu 0
0 0 —CA713(V)
Cav)=| 0 0 cas@) [, (9)
can3(v) —caps(v) 0
where
1
canz(v) = =Yov = 5(No + Yi)r (10)
CA’Qg(V) = —Xﬂu. (].].)
Finally, the damping matrix D(v) is given as
D(v) =D+ Dnr(v), (12)
where
X, 0 0
DL:[ 0 -Y, O 1 (13)
0 0 —N,
dNL,ll(V) 0 0
Dyp(v) = 0 dnr,22(V) 0 » o (14)
0 0 dnr,33(V)
and
dNL,ll(V) = _X\u|u|u| - quuu2 (15)
dNL,22(V) = - |v|v|v| - Y|r|v|7ﬁ| (16)
dnr,33(V) = =Npyjr|v| = Nipjrlr]. (17)

Table 1. Parameters for CSAD (Bjgrng et al.,

2017).
Parameter Value Parameter Value
X —3.262 Xuuu —8.557
Y, —28.89 Yy —4.673
Y —0.525 Yjolv 0.398
Ny —0.157 Yirjo —0.805
N;. —13.98 Nig|r 0.080
Xu —2.332 N -6.900
Xulu 0 Nipir —0.0115

The considered model describes a fully actuated ship,
where the actuator forces and moments are modeled using
the six mounted thrusters w = [uy, u2, us, u4, us, ug] ' € R®
(Bjorng et al., 2017). These are related to the input vector
T through the actuator model

7(u) = TKru, (18)

where T' € R?*6 is an actuator configuration matrix, while
K1 € R6%6 is an actuator force matrix. The actuator
configuration matrix is
c(01) c(d2) c(d3) c(d4) c(ds) c(ds)
T = 5(51) 8(52) 8(53) 8(64) 8(55) 8(56)
¢ g2 Pz ds P5 b
where ¢(d;) = cos(0;), s(d;) = sin(J;). The constant ¢; =

L; cos(B;) sin(9;) with L; = ,/L%i + Lz,w where L, ; and

L, ; represent the physical placements of the ith actuator
and B3; = atan(L, /L, ;) for i € [1,6]. The actuator force
matrix is given as

K = diag([Kr1, K12, K13, K14, K15, K16)),  (20)

where K7 ; > 0is the thrust force from the 7th propeller. In
(Bjorng et al., 2017), the actuator magnitude constraints
are stated as

; (19)

u; € [—0.5,0.5]. (21)
In this work, we fix the actuators to the following angles
8 =[m w/4,—n/4,0,5m/4,3n/4].

The considered ship has to move at low speeds in order to
be fully actuated for DP operations. Assuming low-speed
maneuvers, the kinetic model in (2) can be simplified to

Mv+ Dy =, (22)
since for low-speed maneuvers the linear damping will
dominate over both the nonlinear damping and the Cori-

olis and centripetal forces (Fossen, 2011). The model (22)
will be used in the control designs in the following sections.

3. ASSUMPTIONS AND CONTROL OBJECTIVE

It is assumed that both the pose vector n(t) and velocity
vector v(t) can be measured, and that no disturbances and
uncertainties affect the system.

The control objective is to make 7(t) £ n(t)—n,(t) — 0 as
t — 0o, where 1, (t) € R? xS represents the pose associated
with a virtual target ship. The motion of the target ship is
typically defined by a human or generated by a guidance
system.

For notational simplicity, the time ¢ is omitted in the rest
of this paper.
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4. BENCHMARK CONTROLLER

In (Sgrensen and Breivik, 2016), a cascaded motion con-
troller with nonlinear pose and velocity feedback is sug-
gested. Through its nonlinear feedback terms, this con-
troller can partly handle actuator magnitude constraints.
In this paper, this controller is modified to a low-speed DP
version where the control input can be chosen as

T=Ma+ Dra— K(z2)zs. (23)

The error variables z; = [zlﬁm,zl,y,zl,w]—r and z, =
[ZQ,U,ZQ’U,ZQJa]T are defined as

21 2 R (¢)(n - n,) (24)

Z9 2y- a, (25)

where @ = [ay,a,, ] € R? is a vector of stabilising

functions that can be interpreted as a desired velocity

a=R"n, - Ki(z1)z1, (26)
where
A 7#1: ~+A2_I2><2 0251
Ki(z)=1, P 1 , o (27)

O1x2 ———
2 2
VAR

. . . A

represents a nonlinear control gain with I'y > 0, z; 5 =

(21,2, 214) T, Ay > 0 and Aj > 0. The nonlinear feedback
term in (23) is given as

SR S— 0
2X2 2x1
\V 2] 5225 +A7

A
KQ(ZQ) = I‘Q 0 1 ’ (28)
1x2 z§;+A§
with the control gain I'y > 0, where 235 = [2277“2271)]—'—,
Az > 0 and Az > 0. The time derivative of « is
a=R"i,+S R, — Ki(z1)z1 — Ki(21)21, (29)
where
21 5215 I 0
‘j?“f““g 2Xx2 2x1
Ki(z1)=-T, i1ty sate |0 30)
012 IERIE]
with
21 =8"2z — Ki(z1)z1 + 22, (31)
where
0—-r0
S(ry=|r 00 (32)
000

is a skew-symmetric matrix satisfying z; S(r) "z, = 0.
5. DYNAMIC WINDOW-BASED CONTROL DESIGN
5.1 Simplified Dynamic Window Algorithm

Here, we present a 3 DOF extension to the 2 DOF DWC
controller suggested in (Sgrensen et al., 2017).

Based on the ship model and its actuator magnitude
constraints, a set of possible velocities can be found.
This set contains all the velocities the ship can achieve
with respect to the actuator magnitude constraints. The
possible velocities can be found by computing the steady-
state solutions of the kinetics of (22) for all possible control
inputs:

7(u) = Dpvgs, (33)

within the actuator magnitude constraints shown in (21).
The steady-state solutions of (33) for a uniformly dis-
tributed set of control inputs are shown in Fig. 2. The
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Fig. 2. Possible combinations of surge speed, sway speed
and yaw rate, with respect to the actuator magnitude
saturation limits.

set of possible velocities can be defined as

Vo ={(u,v,7) e RxR xR | g(u,v,7) >0}, (34)
where g(u, v,7) is a positive semidefinite function for fea-
sible velocities with respect to the actuator constraints.
An approximation of the 3 DOF set is done by projecting
the set into three 2 DOF sets to simplify calculations.
We justify this approximation by noting that each of the
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steady-state solution boundary faces are almost parallel
with one axis, see Fig. 2. Following this, faces that are par-
allel with one axis can be parameterized by the remaining
two variables. Notice, however, that we lose information
where all three variables are correlated, and can therefore
not model faces which are not parallel with one of the axes.
The result of the approximation is the following three sets
of possible velocities:

‘/p,(u,r) = {(U,T‘) eERxR ‘ 9(u,r) (u,r) > 0} (35)
Vp7(v,7‘) = {(U,’I“) €ERxR | g(v,r)(va T) > 0} (36)
Vo (uw) = {(1,0) € R X R | gy (u,v) > 0}, (37)

where gy (U, 7), gv,r)(v,7) and gy .)(u,v) are greater
than or equal to zero for velocities inside the corresponding
boundaries. Given m, n and k approximated boundaries,
defined by the functions hg (y,)(u,7) = hy ) (v,7) =
he,uwy(u,v) = 0, a € {1,2,...,m}, b € {1,2,...,n} and
c€{1,2,...,k}, the approximated functions are given as:

9(u,r) (ua T) = min(hl,(u,r) (u, r)th,(u,r) (u» 7’),

ooy P (ury (0, 7)) (38)
Io,r) (v,7) = min(hy () (v, 7),h2 0.0 (0, 7),

ey P (0,) (0, 7)) (39)
G(u,v) (U, v) = min(hy (y ) (4, )R (4,0 (1, V),

oo P w0y (0, 0)). (40)

Here, the functions hg, (. r) (u,7) = h, (v, (v,7) =

e, u,o) (1, v) = 0 are defined by using regression on the
boundary of the sets Vj,, . Vp,  and V, ., where
Vha (ury (U, ), Vhy ()(v,7) and Vhe ) (u,v) are re-
quired to be pointing inwards to the valid solutions.

Next, the space of reachable points within one time step
T needs to be defined. Using
’)min = [uminy ’[}mina Tmzn] = M_l(Tmin(u) - DLV*)
(41)
’./max = [umax; i]ma;ﬂ; ’fdmaac] = Mﬁl(Tmaz(u) - DLV*)v
(42)

where v* is the current velocity of v(t), we find the accel-
eration limits and the reachable velocities for the current
time step, resulting in the dynamic velocity window

Vi = {(u,v,7) ERXxR XR|
u € [u* + UminT, " + UmazT)
AV E [0 + Vmin T, 0™ + OmaaT)
AT €[ + Pmin Ty ™ + Fmaz T}
which we project into the three cases
Vo,tur) =1, 7) ERX R | w € [ + Umin T, u™ + Umax T
AT E [ 4+ PrinT, 7 + Praa T} (44)
Vi,(w,ry =1(0,7) ERX R |0 € [0* + OpinT, ™ + Urmaa T
AT E[r* 4+ PrminTyr™ + Fmaa T} (45)
Visuo) =L (1, 0) €ER X R [ u € [u" + UminT, u* + limae T
AV € [0" + Vmin T, 0° + OmazT]} (46)
This defines the sets of dynamically feasible velocities as

(43)

Vi) = Vo (ur) N Vo, (urr) (47)
A

Vi) = Vo) 0 Vi, (o) (48)

Vi) 2 Vortuw) N Vo, () - (49)

Next, the sets of dynamically feasible velocities are dis-
cretised uniformly to obtain discrete sets of dynamically

feasible velocities.

For the 3 DOF case, the desired velocity is defined as

Vg £ [ud,UdJ’d]T (50)

. . . . . A
Given vg4, the optimal dynamically feasible velocity vy =
[ug,vp,7¢] " can be selected as

vy = argmax G(v,vg), (51)

(uw,v,r)eVy

where Vy is the general 3 DOF set and G(v,v,) is an
objective function which is defined as

G, va) 2 surge(u, ug) + sway(v, v)

+ yawrate(r, rq), (52)
with
surge(u,uqg) =1 — S el € [0,1] (53)
max (lug — u'])
u' €Vy
|[va = v]

=1—-— € 0,1 54
sway (v, vq) T p—— €1[0,1] (54)

v eVy
yawrate(r,rq) =1 — Ira = 11 € [0,1]. (55)

max (|rqg — 7’
e (ra = 77)
Notice that by using this objective function, we minimise
the scaled 1-norm of the entire discrete set of dynamically
feasible velocity.

For the three 2 DOF cases, this algorithm is modified to fit
2 DOF and run once for each velocity pair scenario; surge
speed and yaw rate, sway speed and yaw rate, and surge
and sway speed. Hence, it results in the three components
of dynamically feasible velocities

Vi (ur) = [Vf,ua 0, Vf,r]—r (56)
Vir) = [05 Viwv, fo]T (57)
Vf,(u,v) = [I/ﬂu, l/f,U,O]T, (58)

which combines into
Vi(ur) TVf@r) TV o)
59
¢ (59)
for the full 3 DOF case. Fig. 3 illustrates V},, V,,, V; and
vy = [0.15m/s, —0.07 m/s, —1.4324 deg /s| given a current
velocity v* = [0.2 m/s, —0.05 m/s —1.1459 deg /s].

Uf:

5.2 Dynamic Window-based Controller

We now combine elements from the benchmark controller
with the simplified DW algorithm in order to develop a
dynamic window-based controller (DWC). In this setup,
the simplified DW algorithm will use & = [avy, vy, @] T as
an input such that vy = . In the case where « is an in-
feasible velocity, the simplified DW algorithm will modify
a to a feasible velocity oy = [af y, af v, af,T]T, otherwise
ay = a. Per definition, the ship will be able to achieve ary
after time step T, hence the desired acceleration is chosen
to be
af —UV
T )

apwe = (60)

and

t
apwc =/ dpwc(a)da—i-apwc(()). (61)
0
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Fig. 3. The dynamically feasible velocity sets, surrounded
by the boundaries of the dynamic velocity window
and the set of possible velocities.

Both apwc and &pw e are used in the kinetic controller
(23) which is modified to

T=Moapwe + Dyapwe. (62)

When comparing the control law (62) against (23), it can
be seen that the explicit feedback term —Ko(z2)zo in
(23) is not included in (62) since the DWC makes the
feasible velocity track the derired velocity by using (60)-
(61). Hence, (62) shows that the DWC is a feedforward-
based control algorithm with implicity velocity feedback
through apwc. However, augmenting the controller with
explicit feedback terms and adaptive terms to robustify it

against modeling uncertainties and unknown disturbances
will not be done in this paper, but is considered future
work.

6. SIMULATION RESULTS

In this section, we present numerical simulation results
comparing the performance of the DWC against the bench-
mark controller using the full nonlinear ship model and
actuator constraints of CSAD presented in Section 2. In
particular, the performance is evaluated using two specific
performance metrics which consider both control accuracy
and energy efficiency.

The target to be tracked is defined as a changing setpoint
in a 4-corner test(Skjetne et al., 2017). This test first tests
the surge, sway and yaw motion individually and then
increase the complexity of the task until the ship needs
to do a combined surge, sway and yaw motion. In this test
we use set-point tracking. Since the 4-corner test involves
setpoint tracking, 7, = 0 and %, = 0 in (26) and (29).
The initial ship states are chosen to be n(0) = [5,1, 0] and
v(0) = 0. The control gains are listed in Table 2, which are
chosen such that the benchmark controller (BC) does not
exceed the magnitude saturation constraints and follow
the tuning rules suggested in (Sgrensen et al., 2018).

Table 2. Control gains.

BC DWC
I diag([0.03,0.03,0.0349])  —||—
Ty diag([0.2,0.12,0.1745))M  N/A
N [0.5,0.5] —||-
A e [0.7,1] N/A

6.1 Performance Metrics

To evaluate and compare the performance of the con-
trollers, two performance metrics are used. We define

A [ _
e(t) = /n(t) (1), (63)
as the error input for the performance metrics, with 7 be-

ing the normalized signal of 7) = [%,9,¢] " = n—mn,, where
Z, § and 1 are in the intervals [—0.5,0.5] in the expected
operational space of the ship (Eriksen and Breivik, 2017).
These signals represent the instantaneous control errors,
while we would like to consider the accumulated errors over
time. Therefore, we use the performance metric integral of
the absolute error (IAE)
/ le(o)|do,

which integrates the temporal evolution of the absolute
error. We also consider the integral of the absolute er-
ror multiplied by the energy consumption (IAEW) as
(Serensen and Breivik, 2015)

/|e |da/P

P(t) = v (t) (1) (66)
represents the mechanical power. TAEW thus indicates
which controller has the best combined control accuracy
and energy use in one single metric.

TAE(t (64)

TAEW (t (65)

where
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6.2 Simulation Results

In Fig. 4, the outline of the ship pose is plotted to show
the transient motion behavior associated with performing
the 4-corner test using the two controllers.

\ A VAREN/)> 3
6\1 | )
T (71 R
L L L ‘t({('
ll_I l
|
6.5 |
| |
N :
B R
= 1! ,:’l
2 6f
5 Ll .,
~ | S
| s
| |
55 | |
i |
I
ANEEA A sl =
II/] N ;o ¢ 4//'
°r T,
[T L Lo /1 ‘
1 0.5 0.5 1 15
East [m)|
Using DWC.
™\ ™. AN S
N B R4,
T |/ N T i (T;'('
}I_| l._! L _I ’\..r/
i.:_! i
: i
6.5F ! |
! i
/'F- 1
= S !
k=) | [ i /|./'|
ER i R
4 Lo < v
[ G
E @
| i
55K {
! !
! [
/JIK}- ™ N A
fith i i) A
st T A e —— i S aaP
et o P Y A %4 ‘
-1 0.5 0 0.5 1 1.5
East [m]
Using BC.

Fig. 4. The 4-corner test, where the dashed blue outline
represents the DWC-controlled ship, the dash-dotted
black outline represents the BC-controlled ship, while
the green outline represents the setpoints of the 4-
corner box.

Fig. 5 shows the pose of the ship together with the target
pose. It can be seen that both control laws are able to
track the target pose setpoints even though the DWC does
not have a traditional velocity feedback term as in (23).
Additionally, iit can be seen that the DWC is slightly faster
than the BC controller to track the target pose setpoints.

Fig. 6 shows that the DWC commands the control inputs
to stay just below the maximum magnitude constraints
of the actuators, while BC is tuned such that it does not
exceed the magnitude constraints. The DWC keeps the
control inputs high longer than the BC, since the DWC
tracks the feasible velocity ay which is on the boundaries
of the windows unless the desired velocity « is inside the
velocity window, while the control inputs from BC have a
more conservative behavior.
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Fig. 5. Tracking the target pose.
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Fig. 6. The commanded control inputs with magnitude
saturation limits.

Fig. 7 illustrates how the surge speed, sway speed and yaw
rate moves in the velocity space in order to track o through
the 4-corner test. The velocities of the ship are small in
magnitude while performing the 4-corner test, constituting
low-speed DP maneuvers satisfying the assumptions for
using a linear ship model.

In Fig. 8, the performance metrics IAE and IAEW are
shown. In particular, the IAE trajectory in the left of Fig.
8 confirms that the DWC has a slightly faster transient
response since it converges faster to a stationary value.
The IAEW trajectory in the right of Fig. 8 shows that the
DWC has a slightly better overall performance than the
benchmark controller when taking both control accuracy
and energy use into account.

7. CONCLUSION

This paper has proposed an extension of a simplified
dynamic window algorithm from 2 DOF to 3 DOF, as
a way to ensure that the actuator magnitude constraints
of a fully actuated ship are satisfied. This algorithm has
been used in a dynamic window-based controller (DWC)
to guarantee that ship velocities remain within a feasible
set. TThe controllers are compared through numerical
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Fig. 7. Velocity trajectories in the set of possible velocities
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Fig. 8. IAE and TAEW performance metrics.

simulations with a fully actuated drillship performing a
low-speed 4-corner dynamic positioning test, using two

performance metrics to quantify the motion control behav-
ior. The simulation results show that the proposed 3-DOF
DWC controller has good tracking performance and is able
to handle actuator magnitude constraints.

Future work includes exploring the robustness of the DWC
controller to modeling uncertainties and unknown distur-
bances affecting the system. It is also relevant to consider
the stability properties of the DWC controller. In addition,
it is desirable to consider actuator rate constraints in
addition to magnitude constraints. Finally, it is desirable
to experimentally verify the results by testing the methods
on a model-scale ship in an ocean basin.
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