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Abstract—The viability of underwater vehicle-manipulator
systems (UVMS) in underwater intervention missions is heavily
reliant on safety. For safe operations, a UVMS should specifically
be able to both avoid dangers and interact safely with the envi-
ronment. While task-priority controllers have been extensively
used to incorporate set-based safety-tasks for a UVMS, only
recent controllers can ensure safe interaction of several tasks by
shaping the impedance of the system. In this paper, a hierarchical
impedance-based controller is extended with set-based tasks in a
practical setting, to obtain a controller that can achieve both these
desirable properties. To verify, the proposed solution is applied
on an articulated intervention-AUV in a docking use case with
an obstacle-avoidance task in simulation.

I. INTRODUCTION

In the past decades, the interest for autonomous underwater
operations has steadily increased, especially in areas such
as marine biology, military, and offshore energy. Today, a
large part of these operations are performed by remotely
operated vehicles (ROV), which are generally costly, prone to
human errors, and require extensive infrastructure to operate
[1]. Although AUV technology has made tremendous leaps
in survey-related mission, intervention-based tasks such as
maintenance and repair remain open problems in practice.
Therefore, more research into underwater vehicle-manipulator
systems (UVMS) and controllers capable of handling interac-
tion tasks, also with practical considerations, is needed.

During an intervention mission, a UVMS usually has many
tasks to fulfil with different levels of importance. These can
include primary tasks, such as turning a valve, safety-related
tasks, such as obstacle avoidance, or optimization tasks, such
as minimizing energy consumption. As a UVMS is kinemat-
ically redundant to most of these tasks, it is beneficial to
use a task-priority controller. In such controllers, the different
tasks are solved at distinct priority levels, so that a task never
interferes with the execution of a higher level task.

During a mission, safe behavior should be ensured such that
the robot does not harm itself or its surroundings. In particular,
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both excessive interaction forces and dangerous configurations
should be avoided. To limit dangerous interaction forces, the
system dynamics are commonly shaped by torque control. This
is especially important for vehicles with complex dynamics,
like an articulated intervention-AUV (AIAUV), as seen in
Figure 1.

For torque control of redundant manipulators with several
task definitions, the Operational Space Formulation (OSF) [2]
is considered state-of-the-art. The controller can fully shape
the system dynamics, but requires accurate force measure-
ments to do so, and is also sensitive to modeling errors [3].
Although this may be negligible for other robots, underwater
vehicles are susceptible to complex hydrodynamic forces that
make both modeling and force sensing difficult. Force sensing
is, however, not needed in a particular form of impedance
control called compliance control. Here, the natural inertia is
preserved, while the damping and stiffness can still be shaped.
A task-priority compliance tracking controller is proposed in
[4], and later extended to a UVMS in [5].

In a task-priority framework, a safe configuration is usually
implemented with set-based tasks, where the goal is to keep
the robot within the feasible task space. For a UVMS, com-
mon set-based safety tasks can include obeying field-of-view
constraints, joint limits, or minimum distance to the seabed
or underwater structures [6]. Although set-based tasks are
available for many newer task-priority frameworks, this is not
the case for the hierarchical compliance controller [4]. For the
controller to be a viable alternative also for a UVMS, also for
safety critical missions, the formulation should be extended
with set-based tasks.

In this work, we want to utilize the strong properties of
the hierarchical compliance controller, and we extend this to
handle set-based tasks. Specifically, we propose to “emulate”
set-based tasks by activating regular tasks if a safe set is
compromised. This is motivated by the approach in [6], where
task activations are determined by an extended tangent cone.
Here, the set-based tasks are only activated when strictly
necessary, thus deteriorating other tasks as little as possible.
Moreover, the proposed controller is applied in a docking
maneuver, a safety-critical use case where restrained system
dynamics are important. Emphasis is placed on how set-based
tasks can be included to achieve obstacle avoidance while



completing a terminal docking of an AIAUV.

The paper is structured as follows. First, the mathematical
model of the UVMS is presented in Section II. Then, the
hierarchical compliance controller is presented in Section III.
The controller is further extended to emulate set-based tasks in
Section IV. In Section V, the controller is applied to a practical
use case of docking an AIAUV. The corresponding simulation
results are presented in Section VI. Finally, conclusions and
future work are presented in Section VIIL.

Fig. 1: An AIAUV made by Eelume.

II. MATHEMATICAL MODEL

In this section, the general model of a UVMS is presented,
as follows from [7]. A UVMS is a hovering underwater
vehicle, with a base and a manipulator arm with n links. The
state of the robot is defined in the inertial frame as

¢ = m € RO+ 1)

where ) € RS is the base pose in inertial frame and 6 € R"
the manipulator joint angles. The system velocities are defined
in the base frame as
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where T = [vT wT] is the velocity of the base frame, and

v,w € R3 the linear and angular component, respectively. The
system of equations are given by

& =To(£)¢
M(6)¢ + C(0,¢)¢ +D(8,¢)¢ + g(0,m) = T + 7

where Tg(¢) € RO+)*(6+7) is the mapping between the
system velocities in the inertial and base frame, M(0) €
R(6+m)x(64n) ig the inertia matrix, C(,¢) € R(6+m)x(6+n)
is the Coriolis matrix, D(8, ¢) € R6+7)x(6+n) s the matrix
of the hydrodynamic damping, g(8,n) € R(6*™) is the vector
of generalized gravity forces and buoyancy, 7 € R(6+™) is the
control torque, and 7t € R(6+7) is the external torque on the
system. Furthermore, the following properties are assumed:

M(6,0) —2C(0,¢) = —(M(8,6) —2C(6,¢)) "
M(0) =M()" >0
z'D(0,{)z >0V zcR™

ID(0,¢.) —D(8, ¢yl < D€y — Gl

where D, is some constant matrix. For the controller [5] it
is also assumed that the nonlinear part of the hydrodynamic
damping is negligible.
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III. THE HIERARCHICAL COMPLIANCE CONTROLLER

In this section, the key aspects of the hierarchical compli-
ance controller [5] are presented. Consider a set of r prioritized
tasks x; € R™¢ in the task space. Each task is given by a
mapping from the configuration space of the system,

x;i=fi(§) eR™ V1<i<r (5
with task velocities
o wievg e 9fi(€)

Xi = Ji(€)¢, Ji(€) = Ti(€)To(§)

in the inertial and base frame, respectively. The task acceler-
ations are given by

%; = J;(€)C + i (€)¢. (7)

The goal of the controller is to shape the damping and
stiffness of each task while ensuring a dynamically consistent
strict execution between tasks on different priority levels. This
means that a task should never affect the performance of
higher-level tasks. To achieve these properties, two assump-
tions about the tasks definitions are made:

1) All task are simultaneously feasible, and the task di-
mension is equal to the degrees of freedom(DOF) of the
system:

S mi= 6+ ®)
i=1

2) There are no singularities in the workspace.

To ensure strict priority between tasks while shaping the
impedance of each task level independently, the control of
each x; must be decoupled. This is done by transforming
all r tasks into a new state space where each task level can
be independently controlled. The first step is to define the
augmented Jacobians J{"#(&) at each task level, given by

I () = (3] (€) I3 (&) .. I (&)
= I
To decouple the tasks and ensure strict priority, the aug-

mented Jacobians of each task are mapped onto a dynamically
consistent null-space N;(£), creating an extended Jacobian

Ji(§) given by
Ji(6) = J(ON;(&) T

€))

| EE 1=1 (10)
Ni(¢) = aug ¢\ T Jaug gy M+, T -
Ioyn — J7U5(8) T I8 ()M T, otherwise
where J"&(€)M+:T is the dynamically consistent pseudoin-

verse of the augmented Jacobian [8]. The new, decoupled tasks
v; € R™¢ are then given by
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Inserted into the system dynamics (3), this gives us the
decoupled system

M(0)0 =T~ T (€)(T+7"—g(0)— ((0,¢)+6(6.¢)))v (12)

where the transformed inertia, Coriolis and damping matrices
are respectively given by

M=J "TMJ!
p=J"T(C-MI'DI! (13)
§=J"TDJ!

where the arguments are removed for readability. Note that
M is a block-diagonal, decoupled matrix, while @ and &
have coupling terms between the different task levels. To fully
decouple the system, the controller
T=g+ 7t 7s+ ) NiJiFicm (14)
i=1
is applied, where T, and 75 cancels the cross-terms in v and
4, respectively, and F; 1 is the virtual control input of each
task to shape the compliance of the task space. The decoupled
system can then be converted back to the original task space
while preserving the decoupling by
_ U8
M + (p; + 03)% + ;4 [Xéﬁgj =Fict +FJC (15)
where «y, contains the top-down disturbances of the augmented
higher prioritized tasks. Applying the controller
_aug

Fico = MK 4 (g, +8;)%4% — D%, — K% 4+, {iéﬁgl’des} (16)
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where D; and K; are positive definite, tunable matrices to
shape the damping and stiffness of the dynamics, xd¢s, ides
represent the reference trajectory of each task, and x;, x; the
error between the reference and the actual task value. Finally,
the closed loop dynamics of each task level are given by
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As stated in Assumptions 1 and 2, the controller requires
all tasks to be simultaneously feasible, with no singularities in
the workspace. Such assumptions impose more rigid require-
ments than many other task-priority frameworks, but are not
uncommon in controllers with stronger properties [4]. Null-
space-based task-augmented controllers like this are, however,
vulnerable to singular tasks [8], and their definitions must
be carefully designed. Singularities can be both kinematic
and algorithmic and arise when the extended Jacobian J
becomes singular. Kinematic singularities appear whenever a
task x; loses controllability due to the system configuration,
which causes the task-Jacobian J; to lose rank. On the other
hand, algorithmic singularities arise when tasks on different
priority levels conflict with each other. Then, the individual
task Jacobians are linearly dependent, which results in loss
of rank in the extended Jacobian, even if each individual task
Jacobian has full rank. To use this controller, the designer

thus needs to ensure that these singularities never occur in
the workspace. The controller could also be extended with
singularity robustness properties used in other task-priority
controllers [4], but this will degrade the tracking performance,
and are therefore not considered here.

IV. EXTENDING TO SET-BASED TASKS

To incorporate common UVMS safety tasks such as obstacle
avoidance, the chosen controller is in this section extended
with set-based task capabilities. The approach is heavily
inspired by [9], and is here adapted to accommodate torque
control. To introduce the set-based task for the hierarchical
compliance controller, let us first revisit the definition of a
single set-based task from [9]. Consider a scalar task variable
o € R with a safe set D, where 0 € D if opin < 0 < 0max-
The extended tangent cone of the safe set is then given by

[07 00)7 g S Omin
TR7D(U) = Ra o c (Uminyo'max) (18)
(700, 0]7 0 2 Omax-

The set-based task is activated whenever its absence would
make ¢ ¢ Tr p(c). This will only happen when both
o ¢ D and the task velocity ¢ is heading away from D.
This is intuitive; if the safety is already compromised, but the
system moves toward safety anyway, it would be unnecessary
to potentially impair other active tasks. Task activation is
determined by calculating the control input assuming the task
to be inactive, using the result and the task Jacobian (6)
to calculate a prior task velocity &, and finally checking
whether 6,,; € T p or not.

In a torque-controlled system, a control input 7 will not
affect o, but rather the task acceleration . The tangent cone
approach from [9] is therefore extended, by using an acceler-
ation prior &, instead to determine whether task activation
is necessary to conserve the safe set or not. The prior is
used to ensure that the system is never compromised while
traveling along the border of the extended tangent cone (18),
ie. when 0 ¢ D N ¢ = 0. To find &y, a prior of the
system accelerations ¢ pri Must be found. This can be done by
computing the desired control torque 7 with an inactive task
and then solving for é'pri in the system equations (3). As M(0)
is invertible (4), a solution is always available. Furthermore,
Opri can be found by inserting é’pri into (7). Note that this
only works if 7 is known, either by measurements or by
assuming free movement where 7°* = (0. The new set-based
task activation scheme can be summarized in Algorithm 1,
where the task is activated whenever False is returned.

Another option would be to extend the tangent cone once
more, allowing the system to be outside the previous tangent
cone Tr p(co) whenever ¢ is heading in the right direction.
However, since a safety task usually is aggressively tuned to
maintain the safety requirements, a task activation would likely
produce a desirable higher ”good” acceleration than whenever
the system conveniently accelerates in the feasible direction.

As in all torque-controlled systems, a positional state like
o cannot be instantaneously controlled, opposed to inverse



Algorithm 1: Boolean activation function for a set-
based task o
IHPUt: &priy 0,0, Omin, Omax
if Omin < 0 < Omax then
| return True

(S

3 else if 0 < omin and 6 > 0 then
L return True

5 else if 0 > omax and 0 < 0 then
6 L return True

7 else if 0 < omin and 6 = 0 and G > 0 then
| return True

9 else if 0 > omax and 6 = 0 and 6pr; < then
10 L return True

11 else
12 | return False

kinematic based methods like [9]. A “’safe zone” around D is
therefore needed, to avoid dangerous configurations. However,
defining this “safe zone” is not trivial. Revisiting the closed-
loop dynamics of a task x; (17), all the system matrices are
configuration dependent and will thus change over time. The
required size of a “safe zone” will therefore depend not only
on the state and its derivatives, but also on how the physical
system evolves. Consequently, a safe set D must be defined
with task derivatives and system matrices in mind. This will
be further discussed in Section V.

Another limitation is Assumption 1 in the controller, which
requires a task space dimension equal to the dimension of
the system. Consequently, when a set-based task is activated,
another task must leave the task space. How this can be
solved is application-dependable, but many highly redundant
robots like a UVMS usually have “excessive” DOF not used in
primary control, which easily can be swapped out for a high-
priority set-based task. This will be illustrated in the case study
in the next section.

V. CASE STUDY: AIAUV DOCKING OPERATION
A. Use case description

To demonstrate the proposed control approach, it is applied
to a docking use case with an articulated intervention-AUV
(ATIAUV). An AIAUV is a class of UVMS, where the body
size is similar to each of the manipulator links; see Fig. 1.
This gives the robot more operational flexibility than normal
in, for instance, confined spaces, but also makes it harder to
control due to its strong couplings between the motion of its
base and arm. Further descriptions can be found in [10]. In this
use case, we consider an AIAUV with five links, connected
by joints of two DOF. For modeling purposes, each joint is
modeled as two joints with one DOF each, connected by a
short link. As follows, the system has eight joints in total.

In the use case, the AIAUV docks towards a docking
station (DS). The DS is modeled as the desired end-effector
configuration in the inertial frame, representing the pose of the
DS connector. To navigate to the DS, the ATAUV is visually

guided, as is commonly done in the underwater docking
literature. A camera is mounted on the end-effector of the
ATAUY, pointing in the same direction as the dock connector
placed on the vehicle. Four visual markers are placed around
the DS connector in the vertical plane, a usual arrangement
for a funnel-based DS. These markers can be mapped to the
image frame of the camera by a calibrated pinhole model, and
used to guide the robot. Additionally, an artificial light source
is placed on the base link of the AIAUV to minimize camera
backscattering. Therefore, the AIAUV should approach the DS
in a C-shape, see Figure 2, to be able to point both the camera
and the light source towards the DS.

In essence, the vehicle has two objectives, steering the
camera/end-effector towards the DS connector and maintain-
ing a C-shape configuration. This is implemented as two tasks
in the hierarchical compliance controller, a high-level end-
effector task x. € R® and a lower-level task xg € RS to
regulate the eight AIAUV joints.
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Fig. 2: An AIAUYV in a C-shape.

Additionally, a potentially cluttered environment is assumed
around the DS. To illustrate, a set-based obstacle-avoidance
task xops € R is defined for the base link. This could also
trivially be extended to the other links. Whenever activated,
Zobs has the highest rank in the task hierarchy to ensure safety
at all times.

B. Visual servoing

To generate a desired task trajectory to guide the AIAUV to-
wards the DS connector, image-based visual servoing (IBVS)
is used. The method is mature and can be found in most
textbooks on visual control, such as [11].

In IBVS, the goal is to generate a camera velocity reference
v. € RY by controlling a number of (normalized) image
features p; € R? to their desired image locations p; € R?. In
this use case, p; represents the image position of each marker
in the docked configuration, and can typically be found by
testing or estimated with a known marker placement on the
DS. Four feature points are assumed in this work.

To generate a camera trajectory from the image feature
errors, p; = p; — P;, a relation between the camera velocity
and the errors is needed. The following equations are sufficient
for this purpose:
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The matrix E is often called the image Jacobian, E' is the
Moore-Penrose inverse, and Z; is the distance in Z-direction
to the point P; in the camera frame that is projected onto p;
in the image plane.

To be able to move to the desired camera configuration, the
feature errors have to converge to zero. This is enforced by
the proportional controller

p=Ap" - p) (21)

where A is the controller gain. Finally, by inserting (21) into
(20), the camera velocity needed to execute the desired feature
error dynamics from (21) can be found:

ve = AE'(p* - p). (22)

Note that v, = x3° is the velocity reference of the task. The
desired task acceleration %x9° is further found by numerical
differentiation of v, and X., the error between the desired
and real position, is set to zero in (17) since the task velocity

is generated on-line.

C. Obstacle avoidance

To avoid collision, the set-based obstacle-avoidance task is
activated whenever the distance between the obstacle and the
vehicle base becomes too small. The obstacle is modeled as
a sphere with radius d,. and position p, € R? in the inertial
frame. Collision is therefore avoided whenever

Oobs > dm Oobs = \/(po - Pb)T(Po - Pb) eR (23)

where o,s 1S the distance between the base and obstacle
center, and p, =1y 93 € R? is the position of the base.

The distance o, is used for task activation as described in
Section IV, with a corresponding safe set

D = [dmina OO) (24)

where dn,in € R is a lower bound for how close the base can
approach the obstacle and be still certain that task activation
will prevent collision, i.e. (23) holds. A tight bound for d,;,
is difficult to find without analyzing the reachability of the
system, for instance by using methods similar to those used in
input-constrained control barrier functions [12]. Conservative
estimates can, however, be determined practically, for instance
with a “worst-case” estimate of the task dynamics. To find
such an estimate, consider the obstacle-avoidance task zops.
This is a regulation task with a desired task position o5, and

velocity and acceleration references equal to zero. Assuming
no external forces, the error dynamics (17) are given by

Mobsiobs+(uobs+6obs +Dobs)j;obs+Kobs§30bs =0. (25

As Mops > 0 [4] and Kops, Dobs are tunable, lower bounds
on My, Lobs, Oobs are sufficient to bound how far the system
will travel with an active obstacle-avoidance task before the
task velocity becomes zero. Such bounds can be found by
considering the operational constraints of the vehicle in a given
configuration. Furthermore, d,,;;, can be found by determining
a minimum initial value of o,,s where the system (25) with
conservative parameters avoids collision.

D. Joint regulation

When the obstacle-avoidance task is inactive, the joint angle
task xp regulates the vehicle to the desired C-shape, guided by
the reference 8~ € R®. However, when the obstacle-avoidance
task is activated, the task dimension of the joint angles must be
reduced by 1, as discussed in Section IV. To do so, a natural
choice is to shrink the task space by removing the joint number
k which is closest to its desired joint value, meaning

k= argmin|9i —0cil, 1<i<n. (26)

?
The active set of controlled joints are therefore given by

0, =1[01..0;..0,]", 1<i<n, i#k 27)
To avoid unnecessary chattering in the task space, a small
offset s > 0 is also introduced in the implementation, such
that k only changes from its previous value k,, if

0, —Oc.1,| > Os+min|6i—bc,l, 1<i<n, i#k, (28)

VI. SIMULATION RESULTS

The proposed framework is simulated in the Eelume AIAUV
simulator in Matlab Simulink [10], and extended with a simple
visual framework. Seven thrusters are used to control the
vehicle, in addition to the servos in the joints. Each thruster
and joint can, respectively, produce a maximum of 60 N and
20 Nm. The task impedances are tuned to obey the control
input restrictions, as saturation will dismantle the strict priority
between the different tasks.

The results of the docking maneuver are given in Figures
3-7. In Figure 3, the Euclidean norm of the the feature errors
are is shown. As the norm goes towards zero, the AIAUV
accordingly docks towards the desired goal state. This can
also be seen in the feature-point plot in Figure 4, where the
blue feature points p converge towards the desired p* in red.

The plots related to the set-based obstacle-avoidance task
can be seen in Figure 5. As expected, the set-based obstacle-
avoidance constraint in red is violated. However, the actual
safety limit in green is never compromised, and the AIAUV
thus maintains safety at all times. In the middle plot, the
inactive joint angle task can be seen. Noticeably, the excluded
joint number changes over time, even when the obstacle-
avoidance task is active. From the bottommost plot it is evident
that the obstacle-avoidance task can be inactive even though
D is violated. Interestingly, the solution travels along the



extended tangent cone at the end, as the task is repeatedly
reactivated, as seen in the middle plot in Figure 5.

By comparing Figures 3 and 5, it is apparent that the
object avoidance task activation only causes small ripples in
the feature-error norm. The AIAUV is accordingly able to
avoid an obstacle while simultaneously executing another task.
However, the repeated task activation causes the control input
to saturate, which can be seen in Figure 6. This chattering
is also a problem in [9], and is later solved by smoothing
the task activation [13], which could be an alternative here as
well. While the obstacle-avoidance and the IBVS-task achieve
acceptable performance while coexisting, this is however not
the case for the joint-regulation task in Figure 7, which starts in
the desired configuration and then deteriorates. As an accurate
C-shape is not a core priority and lowest in the hierarchical
design, this is acceptable. Furthermore, the system is well
behaved at all times. For more complex operations, more
delicate attention to singularities is still needed.

IBVS feature-error norm Feature points in the image frame
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VII. CONCLUSIONS AND FUTURE WORK

For the hierarchical compliance controller to be viable
in complex underwater intervention-missions, common set-
based safety tasks are needed. In this paper, the controller
is extended with such capabilities. The control approach is
demonstrated through a simulated use case, where an articu-
lated intervention-AUV performs a docking maneuver while

Thruster forces
Joint angles

ll ’ | ‘HH ‘ S— 796‘
’ F 08 [ pe——
il \ N b
B — P20 30 40 50 60 06| 64 b

Time [s]
Joint torques

|

TR

A LT
TMl20 30 40 50 60 -0.
Time [s] 0 10 20 30 40 50 60
Time [s]

Joint angles [rad]

Fig. 6: The forces and torques

Fig. 7: The joint angles.
produced by the AIAUV.

avoiding an obstacle. Both tasks are successfully executed,
with only a small performance loss in the docking task when
the obstacle-avoidance task is activated. Future work includes
more complex intervention scenarios, physical experiments,
and improving when to activate the safety task.
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