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Abstract. Resilience is an important feature of autonomous systems. To be resilient, a
control system must be stable, robust, and safe. This paper explores the use of hybrid
feedback controllers to ensure robustness towards uncertainties and disturbances in motion
control systems for autonomous ships. Motivated by recent developments in control barrier
functions (CBFs) for safe maneuvering of autonomous ships, a CBF-based hybrid kinematic
controller for obstacle avoidance is proposed. The controller uses course angle as control input,
making it suitable for ships with a limited speed envelope. The performance of the controller is
illustrated by simulations, using an underactuated ship as a case study.

1. Introduction

Autonomous ships are inherently complex systems [1], consisting of multiple subsystems ranging
from high-level mission management to low-level plant control. The control system architecture
for autonomous ships may roughly be divided into three layers; mission management layer,
executive guidance layer, and reactive feedback control layer, as illustrated in Figure[l] Resilience
is an important objective when designing the autonomous system as a whole and the various
subsystems [2], [3]. For path following of autonomous ships, the motion controller can be
considered resilient if it is stable (the ship converges to and stays on the desired path), robust
(with respect to uncertainties and disturbances) and safe (the ship deviates from the nominal
maneuvering plan if safety demands it). In this paper we focus on safety and robustness in
the reactive feedback control layer, using obstacle avoidance of an underactuated ship as a case
study.

For many control problems, robustness towards noise and disturbances can only be achieved
by employing some switching logic [4]. When designing control systems for autonomous ships,
such problems are frequently encountered. Consider for instance the task of steering a vessel
along a path while avoiding an obstacle. If the obstacle is at rest and placed exactly on the
path, then passing the obstacle port or starboard is equally valid. While such a scenario cannot
occur in real-life (the two options will never be exactly equal), small measurement noise in
the vessel or obstacle position measurement can make the commanded action switch back and
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Figure 1: Example of control system architecture for autonomous ships. Abbreviations: AIS;
Automatic Identification System. EEMS; Energy and Emission Management System. DP;
Dynamic Positioning. PMS; Power Management System. BMS; Battery Management System.
RT; Real-Time. MRC; Minimum Risk Condition. Adapted from .

forth indecisively between a port and starboard turn, with the result that the vessel is unable
to alter the course and instead steers towards collision. In such a scenario, an experienced
human captain would decide on an obstacle-free path, stick to that path and clearly show his
intention, unless there is a significant change to the circumstances. Similar behavior can be
built into autonomous control systems by use of intelligent switching logic. The framework of
hybrid dynamical systems [5], enables systematic design of such switching logic, while providing
the mathematical tools needed to formally prove stability and robustness — ensuring the overall
objective of our research project; resilience in the autonomous control functions.

Significant research on obstacle avoidance has been performed as part of the Autosea project;
see @ and the references therein, where the authors propose to distinguish between global and
local collision avoidance methods. Global methods construct a nominal path which is free of
obstacles known prior to the mission. Local methods detect and avoid obstacles encountered
during the mission, deviating from the nominal path if necessary. It is further proposed that
local methods are separated into proactive and reactive methods. In reactive methods, the
“evasive control inputs depend directly on the state vector through a functional relationship”
@]. While no clear definition of proactive methods is given, the context suggests that proactive
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methods cannot have a continuous feedback from the state vector to the evasive control inputs.
This implies that proactive methods involve having a predictive component that is used to make
a plan for an evasive maneuver.

An advantage of proactive methods is the ability to come up with a consistent and smooth
path for an evasive maneuver. However, problems may arise if the vessel is not able to follow
the evasive path, or if the circumstances change such that the evasive path is no longer feasible
and safe. The former may happen if the environmental disturbances are larger than anticipated,
while the latter can occur if the encountered vessel changes its course in an unpredictable manner.
In such situations, it may be necessary to abandon the initial plan for evasive maneuver.

Reactive methods may be implemented directly in the motion control system using control
barrier functions (CBFs) [7]. Safety-critical controllers for autonomous vessels constructed from
CBFs have recently been proposed [8], [9]. CBFs are used to design a control system that only
allows control inputs that are considered safe in some sense. A CBF can be constructed such
that the resulting safety-critical controller only intervenes when the evasive path planned by
some higher-level proactive method is considered unsafe.

The main purpose of this paper is to explore the use of CBFs for underactuated ships
with limited speed envelope. While CBF-based continuous feedback controllers can guarantee
collision free operation of fully actuated vessels, the possibility of deadlock situations in perfectly
symmetric conditions preclude any guarantees for task completion [10], [11]. Similarly, for vessels
required to maintain a positive forward speed, safety cannot be guaranteed by continuous control.
Safety can be achieved by discontinuous control. However, due to the discontinuity, arbitrarily
small disturbances in the state vector can cause switching back and forth between significantly
different control inputs, referred to as chattering. To ensure safety and robustness, a CBF-based
hybrid kinematic controller is proposed. The vessel course angle is considered a virtual control
input, similar to the constant avoidance angle algorithm proposed in [12]. Unlike the constant
avoidance angle algorithm, a CBF-based formulation enables the use of higher derivatives of
the vessel position as control input in the safety-critical controller. This is the topic of current
research by the authors.

The remainder of this paper is organized as follows: In Section 2, background on hybrid
control systems is provided. In section 3 a kinematic controller for obstacle avoidance is
presented. Safety is ensured by using a CBF, while robustness is achieved by a hybrid feedback
controller. Merging CBFs with hybrid controllers in this way is the main contribution and
novelty of this paper. In Section 4, the proposed kinematic controller is used for safe maneuvering
of an underactuated rudder-controlled ship. Finally, Section 5 concludes the paper.

2. Hybrid control systems

It is necessary to briefly review the concept of hybrid dynamical systems, as defined in [5]. Hybrid
dynamical systems is a framework for analyzing system states that evolve both in continuous
time (referred to as flow) and in discrete time (referred to as jumps). In the context of marine
control systems, the physical states such as vessel position and velocity evolve by flow only, while
logic variables in the control system evolve by jumps only. In [13], the hybrid systems framework
is used to improve the performance of a vessel in dynamic positioning (DP) operation. The DP
controller can select between several candidate controllers, depending on the state vector and
an estimate of the sea state. This results in supervisory switching logic implemented as a hybrid
control system.

2.1. Hybrid feedback controllers

Hybrid feedback control laws can be used for robust global stabilization of systems that cannot
be globally stabilized by continuous control. Control of orientation is one such example [14].
When global stabilization by continuous control is not possible, any globally stabilizing feedback
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controller must have at least one point of discontinuity. Suppose the control objective for a
given system can be achieved by two different control laws, where the points of discontinuity are
disjoint in the state space. Such a system may be represented by the differential equation

& = f(x) + g(z)u(z, q), (1)

where 2 € R"™ is the physical state vector and u(x,q) is the hybrid feedback control law. Here,
g € Q = {-1,1} is a logic variable, which may take on the values ¢ = 1 or ¢ = —1. The
switching between candidate controllers may be determined by

(2)
—-q, P(%Q) 2 ]Dlimv

q+ o {q, P(xaQ) < Plima
where ¢ assigns the update of ¢ after an instantaneous change (a jump). P : R" x Q — R
is some indicator function which is continuous in the state vector z. ¢ is toggled when P(z,q)
exceeds the threshold P,,. If the indicator function consists of overlapping control Lyapunov
functions (CLFs) which satisfy certain properties, rigorous robustness and stability proofs are
readily available; see [15] and [16].
The challenge is often to design the indicator function such that ¢ is toggled whenever
necessary, while avoiding chattering. Since P(z,q) depends on the state vector x, and not
explicitly on time, the result when designed properly is a hysteresis switching mechanism.

2.2. Robust heading control

We will first illustrate the key ideas of this paper by considering heading control of a surface
vessel. The yaw angular error is usually mapped to some predefined interval, typically —m to «
radians (see e.g. [17] and [18]). At the 180 degree error point, the commanded action switches
between a clockwise or counterclockwise turn. At this point, arbitrarily small noise can cause
chattering, which will delay convergence to the desired yaw angleﬂ To avoid a discontinuous
mapping of the yaw angle to some predefined interval, the vessel heading can be represented on
the unit circle, as illustrated in Figure This is in many ways a more natural representation
of orientation. The unit orientation vector corresponding to the yaw angle v, is given by

b Hﬂ | )

For control purposes, and neglecting the superscript, we use the orientation error vector given
by

>] | (1)

where 1 = ¥ — g is the yaw angular error. Controlling ¥ — 0 is equivalent to controlling
Z — [10]". For more details see [19].

! In fact, the 180 degree error point will have the characteristics of an extra (unstable) equilibrium point, implying
that global stabilization of the 0 degree error point is impossible.
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represented on the unit cir-
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Down reference frame [20].
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To introduce hysteresis, we can follow the procedure in [21] where the switching logic is
constructed from two overlapping Lyapunov functions on the unit circle. The 180 degree error
point is shifted in the clockwise or counterclockwise direction depending on the value of ¢. When
Z enters some neighborhood of the 180 degree error point in the shifted coordinate system, then
q is toggled. The resulting hysteresis mechanism is illustrated in Figure

A similar logic may be obtained by mapping the yaw angular error to the interval
(—m+a,mr+a]if ¢g=1and (-7 —a,7m — ] if ¢ = —1, where a € R is a constant selected
depending on the vessel dynamic properties and measurement quality. This mapping procedure
appear simpler than using overlapping Lyapunov functions. However, since the vessel yaw
rate cannot instantaneously change, a dynamic switching condition is desired, where the yaw
rate and possibly higher derivatives are taken into account. Immediately the task of ensuring
sufficient hysteresis width becomes more challenging. By augmenting the Lyapunov functions
with additional terms based on the yaw rate and higher derivatives, a dynamic switching
condition may be constructed.

When a switch occurs, there will be a discontinuity at some level in the control system. The
control input should be sufficiently smooth for good performance, e.g. for a rudder controlled
ship one may require that the commanded rudder angle is continuous. Sufficiently smooth
actuator usage while maintaining strong formal guarantess for robustness and stability can be
achieved by backstepping |15], [16]. In [22], a hybrid feedback controller for robust trajectory
tracking of underactuated vehicles is proposed.

3. A kinematic controller for obstacle avoidance

We return to the example given in the introduction; steering a vessel along a path while avoiding
a static obstacle. The control task is formulated as a kinematic problem. The vessel is assumed
to have a constant speed, while safety is ensured by restricting the commanded orientation to
a safe set, making it suitable for underactuated vessels. A CBF is used to determine the set of
safe control inputs. When the nominal control input is unsafe, the CBF is said to be active and
an evasive maneuver is performed. The evasive maneuver is determined by a hybrid feedback
controller, giving the autonomous steering function the desired feature of resilience.
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Figure 3: Illustration of the vector field for a static hysteresis mechanism for heading control
which depends only on the orientation error vector z. The arrows indicate the commanded
turning direction. If Z enters the sector marked by the solid red line, ¢ is toggled and the state
is governed by the other vector field. The illustration shows a hysteresis width about the 180
degree error point of 45 degrees.

3.1. Kinematic equation and problem formulation

Let p := [z 9] be the vessel position in the horizontal plane, v the yaw angle, and v := [u v
the body-fixed velocity vector. The kinematic equation for motion in the horizontal plane may
be written as p = R(v¢)v, where

]T

(®)

R(1) = [cos(d}) —sin(z/;)]

sin(y)  cos(4)

is the rotation matrix. An alternative representation of the vessel kinematics, used in e.g. [23]
and [18], is

p=UX, (6)

where U = Vvu? + v? is the total vessel speed and

o [cos(x)] @

sin(x)

is the course orientation vector. Furthermore, x := arctan(%:) = 1+ [ is the course angle, where
8 := arctan(y) is the crab angle (sometimes referred to as the sideslip or drift angle [20]).

We will consider a circular obstacle located at p, = [z, yo]T with radius r,. The control
task is to design a feedback controller for the desired course angle zfi‘ such that the vessel does
not collide with the obstacle, deviating from the nominal path if necessary. By controlling the
course angle directly, rather than the yaw angle, sideslip is automatically compensated. This is
desired when performing an evasive maneuver by turning, since the crab angle during the turn
will be in the direction of the obstacle (assuming low current speed and other environmental

disturbances) [23].
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3.2. Control system design

A CBF-based control law for obstacle avoidance in the horizontal plane is proposed, arguably
in its simplest form. See [7] for an introduction to CBFs. Accordingly, we define the barrier
function

B(p) = ||p _poH — To, (8)

which is negative when the vessel is in the interior of the obstacle region and positive when the
vessel is outside the obstacle. Safety is ensured by enforcing

. 1
B>—-——B
> -8, ©)
where
T
B=uP =P (10)
||p _poH

is the time derivative of B, and T > 0 is a time-constant chosen dependent on the vessel
dynamic properties. The constraint @ allows B to decrease when the vessel is far away from
the obstacle, while restricting B to be non-negative when the vessel is at the boundary of the
obstacle. Combining , @D and ([10)), the set of safe orientations is obtained as

)T

X R b% 1. (p_po X Hp_poH_ro

z (p,U) := {z eSS U———2X>——+"7"—— (11
cpr P b= pd] T, )
where S := {z € R?: 272 = 1} is the unit circle [21]. When the distance between the vessel
and the obstacle is less than T,U meters, the set of safe orientations is restricted according to

ZX:—R<a) p_po COSO(S Hp_pOH_TO

s R 12
7=l U (12)

where « is the relative angle between zX and the unit vector pointing from the obstacle towards
the vessel. As the vessel approaches the obstacle, the allowable orientations become more
restricted; see Figure [4| for an illustration. Define

[lp — poll — 70
= _— 13
Qy := arccos ( U , (13)

where the range of arccos(-) is defined as [0, 7], following the normal convention. The safety-
critical controller is chosen as

X X X

. o CreprU) (14)
~R(qao) 2=, 2 & 2 p(p. U)

where 2, is the feedback controller for path following, while ¢ € Q := {—1,1} is a logic variable

determining if the vessel shall pass the obstacle in the clockwise or counterclockwise direction.

To assign the value of ¢, we first define the indicator function

X\ . (p_pa)T ﬁ X
Ple, %)= Hp—poHR<2> ’ =
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Figure 4: Illustration of the set of safe orientations constructed from the CBF. The obstacle
is shown as a black circle, while the dashed circle sectors show the set zé g for two distances
(blue: 700m; red: 200m) from the boundary of the obstacle. The arrows correspond to fayp.
Vessel speed U = 7.7m/s and time constant Tp = 100s.

which is negative if zX is pointing in the clockwise direction relative to the obstacle, and positive

if 2X is pointing in the counterclockwise direction relative to the obstacle. Choosing ¢ = sign(P)

will ensure safety while minimally interfering with the path-following control objective. However,

the resulting controller will be discontinuous at P = 0, and consequently not robust towards
disturbances. Instead, we let g be given by

+ Jao  Pp,2N)g> -0 (16)

! —-q, P(p,2X)g< -0’

where 0 < o < 1 is a desired hysteresis width. The combination of and results in a
hybrid feedback controller. If o is set to zero, this reduces to ¢ = sign(P), where sign(0) can
take on both the values —1 and +1.

4. Case study

A case study is performed with zero and non-zero hysteresis width, to illustrate the importance
of robustness. The numerical model of a Mariner class vessel provided in the Marine Systems
Simulator (]24],[25]) is used in the case study. This is a 3 degree-of-freedom maneuvering model
[20] of a rudder-actuated ship with length of 160m. The control input to the model is the
commanded rudder angle. The model returns the vessel yaw rate and perturbation about the
nominal vessel surge and sway velocity vy = [Uy 0] ", where Uy = 7.7m/s is the nominal speed.
No environmental disturbances are included in the numerical model.

4.1. Simulation setup

The desired path is chosen as x = 0, traveling in the positive y-direction. For path following,
we use the line-of-sight (LOS) algorithm [20]. Following the convention in this paper, this can
be formulated as

x 1

Zpp = 2LOS = —
VALos + 2

7 ] , (17)

Aros
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Figure 5: (a) Trajectories for 10 different runs with o = 0. The obstacle is shown as the black
circle. The ship is traveling from left to right along the positive y-axis. The trajectory which
fails to avoid the obstacle is shown in red. (b) Commanded course angle for the trajectory shown
in red. There is significant chattering from approximately 120 to 150s, before the ship settles
on a direction to turn for the evasive maneuver. The course angle for path following is shown
in blue.

with look-ahead distance set to Arps = 1000m.

The desired course angle is given by , together with the switching logic . The evasive
maneuver is initiated when z;‘f ¢ 28 g, that is, when the desired course for path-following is
considered unsafe.

An appropriate value of T, may be determined from the maximum forward movement d,,q; of
the ship during a hard turn. Choosing T}, > dna./Uo ensures that the set of safe orientations is
restricted before the vessel is a distance d,,q; from the obstacle. d,,q, was found experimentally
to be approximately 640m, giving a lower bound of T, = 640/7.7 ~ 83s. In the simulations
T, = 100s is used, providing extra safety margin.

The control law for the rudder angle is chosen as

0a(X, ) = —Kp(X + Tar), (18)

saturated by |64 < 30 degrees. Here, X := atan2(z),z{) is the course angular error mapped
to the [—m, ) interval. We note the obvious discontinuity at y = £, discussed in Section 2.2.
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Figure 6: (a) Trajectories for 10 different runs with ¢ = 0.05. The obstacle is shown as the
black circle. The ship is traveling from left to right along the positive y-axis. (b) Commanded
course angle for one of the trajectories. The course angle for path following is shown in blue.
The safety-critical controller is active from approximately 120 to 300s.

Presenting the details of a robust heading controller is outside the scope of this paper, and for
the performed simulations this robustness issue did not pose any problems. The controller gains
were set to K, = 1 and Ty = 10, while r = 1) is the yaw rat

Two different trials are conducted:

1) Hysteresis width o = 0.
2) Hysteresis width o = 0.05 and initial ¢ = 1.

With ¢ = 0 the evasive control law has a discontinuity when zX is pointing directly towards the
obstacle. For both trials p, U, zX, and p, are corrupted by white noise. Since this results in a
stochastic simulation, 10 runs are performed for each of the trials.

The obstacle is placed at p, = [—20 2OOO]T, with radius r, = 300m. The z-position of
the obstacle is tuned to trigger chattering when ¢ = 0. For all simulations the vessel has
initial position at the origin, and initial orientation along the desired path. All simulations are
performed for a duration of 700s.

2 Note that r = 1/1 may be replaced by x, where x may be estimated from the surge and sway acceleration.

Under certain assumptions on the crab angle dynamics, the control law is stable using both r and x in the
argument.

10
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4.2. Simulation results
The trajectories from trial 1 are shown in Figure Notice the significant spread in the
trajectories. For most of the runs, the ship safely passes the obstacle on either the port side or
the starboard side. Out of the 10 runs, 1 fails to avoid the obstacle entirely. The commanded
course angle for the run that fails to avoid the obstacle is shown in Figure Chattering is
observed for a significant amount of time before the ship finally settles on a direction to turn.
The chattering results in a delayed decision, leading to the vessel entering the unsafe region.
The trajectories from trial 2 are shown in Figure [6a, with corresponding commanded course
angle for a selected run shown in Figure [6b] All trajectories pass the obstacle at a safe distance.
Furthermore, the spread in trajectories is significantly reduced compared to trial 1 (in fact the
various trajectories are barely distinguishable), which is a sign of robustness and predictability.

5. Concluding remarks

The main result of this paper is a CBF-based hybrid kinematic controller suitable for obstacle
avoidance of underactuated ships. The controller addresses two of the key ingredients for resilient
operation of autonomous ships; safety and robustness. The proposed controller uses a single
barrier function in combination with a hybrid feedback controller. In future work, multiple
overlapping barrier functions will be used, following a similar idea as the hybrid Lyapunov
functions discussed in Section 2. This is a more elegant and flexible approach which enables
considering higher derivatives of the vessel position as control input, such as rudder angle for
rudder-controlled ships.
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