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Valve Turning using a Dual-Arm Aerial Manipulator

Matko Orsag, Christopher Korpela, Stjepan Bogdan, and Paul Oh

Abstract— This paper presents a framework for valve turning
using an aerial vehicle endowed with dual multi-degree of
freedom manipulators. A tightly integrated control scheme
between the aircraft and manipulators is mandated for tasks
requiring aircraft to environmental coupling. An analysis of
yaw angle dynamics is conducted and implemented into the
controller. A human machine interface provides user input
to actuate the manipulators, become coupled to the valve,
and perform the turning operation. We present recent results
validating the valve turning framework using the proposed
aircraft-arm system.

I. INTRODUCTION

Valve turning represents a classic controls problem along
with insertion tasks and tool usage. The ground robotics
community has largely solved these problems. There are
many examples of door opening, using a drill, assembly of
structures, and inserting a power plug by ground vehicles
with one or more dexterous arms. Many of these tasks require
position and/or force control and typical implementations in-
volve force/torque sensing, vision systems, or a combination
of these methods. The ground-based system must coordinate
the vehicle and arm motions to perform these tasks. While
the coupling between the environment (i.e. valve, knob,
handle) and robot does influence the vehicle base with added
contact forces/torques and friction, the base can typically
maintain stability during the entire motion.

However, the strong coupling required during valve or
knob turning greatly influences the dynamics of an aerial
manipulator. Rigidity in the manipulator and the propagation
of contact forces when interacting with the environment
can cause crashes. There have been recent results where
multi-DOF aerial manipulators have experienced coupling
with the environment [1]-[4]. Other groups have investigated
compliance in assembly tasks [5]-[7], or dynamic stability
and control w.r.t. center of mass and moment of inertia
variations [8]-[10].
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Fig. 1. MM-UAV dual-armed system performing a valve turning task.

This paper presents a solution to the valve turning prob-
lem from an aerial vehicle using dual 2-DOF manipula-
tors, dubbed MM-UAV (Mobile Manipulating Unmanned
Aerial Vehicle). A control scheme to coordinate the coupled
manipulator-aircraft system (Fig. 1) is implemented to allow
for the strong coupling between the manipulators and envi-
ronment. Section II briefly describes the theory behind valve
turning tasks and the algorithm used for detection. Section III
details the kinematic and dynamic model for the aircraft and
manipulators. In Section IV, we disseminate on the proposed
hardware infrastructure, as well as the proposed human-
machine interface (HMI). Finally, we present the results of
valve turning experiments in Section V and conclude the
paper proposing further developments and future plans.

II. THE VALVE TURNING PROBLEM

Valve, knob, and handle turning has been widely studied
for use with industrial robots, mobile manipulators, and
personal assistance robots. A typical requirement involves
a grasp and turn of an object that remains fixed to the
environment but allowed to rotate. Our framework and
solution will be evaluated by performing valve turning,
which is one of the tasks required for the recent DARPA
Robotics Challenge (DRC) [11]. The task requires a robot
to locate, approach, grasp, and turn an industrial valve with
two hands. Valve turning presents a challenging test-case for
any system due to the perception and dexterous manipulation
required [12]. While a ground robot can approach a value
and become physically coupled to it, a flying robot with
one or more manipulators faces far greater difficulties. The
direct coupling between the manipulators and valve can cause
sudden unexpected changes in the vehicle dynamics. The
aerial manipulator must constantly adjust to compensate for
the vehicle movement and further have adequate compliance



to prevent a crash, particularly during the manipulator-
environment coupling after grasping and while turning.

Valves are found in virtually every industrial process
including water and sewage processing, mining, power gen-
eration, processing of oil, gas and petroleum, food manufac-
turing, chemical and plastic manufacturing, and many other
fields. Therefore, it is easy to imagine a disaster scenario
where it is necessary to deploy an aerial robot to close
a crucial valve and thus prevent further human casualties
or damage. Unlike humanoid or mobile robots, closing a
valve for an aerial robot is a highly complicated task which
requires a robot to: Locate the handle, Land on the handle,
Grab on to the handle and finally Twist the handle, using the
aircraft’s own degrees of freedom.

In industrial pipelines, different valves for gas, water,
oxygen and many other gases and fluids are color coated
[13]. Although standards vary from country to country and
industry to industry, some consistencies in standards have
risen.

According to most standards, a good practice for piping
systems which do not require warning colors is to paint them
to differ from their surroundings. For humans, the use of
these standards promotes safety and lessens chances of error
in times of an emergency by providing a uniform color code
to quickly warn personnel of outstanding hazards inherent in
the materials involved. On the other hand, for robots, these
standards insure an additional color filter layer in camera-
based vision feedback algorithms. Given specific mission
requirements (i.e. fire, pollution, or human safety), a robot
can easily spot a specific valve using a color filter in order
to separate it from its surroundings. In practical applications,
a single industrial pipeline system consists of various types
of valves. The handwheel shape is ideally designed for the
envisioned scenario: the aircraft grabs onto the valve handle
and twists it using its own degrees of freedom. Although
other shapes could be engaged as well because it is possible
to land on them, they fall out of the scope of the proposed
scenario.

There are two distinctive features of a handwheel handle
design. The first concerns the circular shape of its outer
rim that enables one to deploy some type of circle or
ellipse detection algorithm. Varying in number from handle
to handle are two, three, or more spokes that connect the
circular rim with the handle hub. These spokes form lines
that cross each other at the center of the handle, i.e. the hub.
Using line detection algorithms, such as a Hough transform,
it is possible to utilize this second distinctive handwheel
feature.

III. AERIAL MANIPULATOR MODEL

At present, aerial robot dynamics and kinematics are
widely understood [10], [14], [15]. During the course of this
research we went through several prototype designs, each tai-
lored for a specific task (i.e. peg-in-hole, pick and place, etc).
The same methodologies apply for the valve turning mission.
Ideally, one strives to accomplish a single manipulator design
suitable for all the tasks, like the one shown in Fig. 2, but
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Fig. 2. Proposed UAS model showing quadrotor and manipulators (links
expanded for clarity). 4 DOFs are shown for each arm to indicate a complete
arm design [16].

due to payload constraints it is not yet possible to accomplish
this goal. Therefore, the proposed kinematic chain, with two
selected degrees of freedom (DOF), suitable for this mission
is described with Denavit-Hartenberg parameters given in
Table I and shown in Fig. 3. The manipulators (noted as arms
A and B with links L;) are symmetrical and attached below
the center of gravity of the quadrotor frame and equally offset
from the vehicle’s geometric center.

A. Valve approach kinematic constraints

In order for a 2 arm manipulator to grab the valve and
remain symmetric with respect to the UAS ZY plane, certain
kinematic constraints on joint movements need to be applied.
Given a desired vertical distance H (g1, g2) along the z axis,
and horizontal distance X (¢1,¢2) along the z axis of the
body frame, one yields the following constraints on joint
movements:

L 2_H 2_X 2_L 2
q1 = *acos 2 (91, 92) _ (91, 92) _ 1 1)
2L1\/H(q1,q2) + X (q1,92)
H 2 X 2 — L 2 L 2
QQ—:l:CLCOS|: (91,92)" + X(q1, 42) 1 2 } )
2L1H(q1,92) X (q1,q2)

In the previous equations, we omitted indices A and B for
left and right part of the system respectively, because in order
to maintain symmetry, both manipulators need to move in
exactly the same way (i.e. ¢i* = —¢P, ¢5' = —¢¥). Lengths
L1 and L4 denote link sizes from DH parameters in Table 1.



B. Aerial manipulator dynamics

Complete dynamic model of the system can be derived
through one of the classical dynamic analysis methods
like Newton or Lagrange-Euler [17], [18]. No matter what
method is chosen, the end result is a matrix equation of the
following form:

D(&)E +c(€,€) +h(&) +bE) =T 3)

where D, ¢, h, b represent nonlinear matrices of inertial,
centrifugal, gravitational and drag forces, respectively. Vector
7 denotes a (2n + 3) x 1 value space, with n being the
number of joints defined in joint vector q 2n x 1 space,
with an additional 3 degrees of freedom for aircraft attitude
control [¢,0,¢]. Torque T is the input torque combined
from manipulator and quadrotor components [T, T¢q]. The
rigid body dynamics of rotorcraft are well understood [19],
[20], and resemble the form in (3). The quadrotor torque
Tq is produced within its propulsion system and takes the
following mathematical form:

~

o(w,@) =Y Q(u)’ + ACM(q) x F(u)'. (4
i=1

Much of the previous work in quadrotor control assumes the
geometric center and quadrotor center of mass are coincident.
With the introduction of two manipulators used for valve
turning, the center of mass shifts and the inertia properties
change based on arm joint angles and environmental contact
forces and torques. The torques and forces produced from
the quadrotor propellers have to be taken into account. The
torque vector 7 has two components, one coming from the
actual propeller drag (), and the other due to the displace-
ment of the propeller from the center of mass ACM(q).
Equation (4) is valid if we assume symmetric construction
and propeller placement. In an aerial manipulator system, the
center of mass shifts as each joint (g;) of the manipulator
rotates and the torque becomes a nonlinear function of the
manipulator joint angles [16]:

_ Qenmg +mi Y0, [€i(a)]

cM
(@) mq +4my,

&)

Symbols mg and my, denote quadrotor and link respective
masses. The same coupling is exhibited for moments of
inertia. Combining parallel axis theorem together with axes
rotation yields:

Jyas = Jilp+mp[(@ &) I-Ce&]  (6)
where ¢ and J ¢ | p represent the vector distance from each
body part center of mass to the center of construction, and
moment of inertia (observing aircraft body as a part of the
kinematic chain, with its own centroid distance and moment
of inertia). I denotes a 3 x 3 identity matrix, and ® represent
the outer product of the two vectors.

In our previous work we analyzed overall stability of a
flying aerial manipulator. In this paper however, we focus
on yaw angle dynamics since it is the most important for the
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TABLE I
DENAVIT-HARTENBERG PARAMETERS FOR MANIPULATOR

Link 0 d a «
Number (rad.) | (mm) | (mm) | (rad.)

1 q1 0 Ly 0

2 q2 0 Lo 0

Fig. 3.

Coordinate system for valve turning approach.

envisioned valve turning scenario. Moreover, due to coupling
between the environment (i.e. valve) and aerial manipulator,
yaw angle dynamics is regarded crucial for aircraft stability.

C. Yaw angle dynamics

Confining the dynamic analysis to yaw angle dynamics,
we write quadrotor body dynamics equations for yaw angle
attitude control:

Lo (@) = (Lo (@) — Ly (@) waty + Blwz) + 75 + 72
)

)2 ®)

The aim for aerial manipulation tasks is to keep the
aircraft steady, with a minimum amount of motion, which
is usually constrained to only one direction (i.e. X or y).
This assumption minimizes the effect dynamic coupling
(I34(q) — Iy(q)) wyw, has on yaw angle dynamics. Also,
by keeping the manipulator motion slow with respect to the
quadrotor attitude motion, the dynamic coupling between
UAS body and arm torques 72* is minimized.

Next, model simplification comes from the fact that the
payload limits joint actuator choice, so the manipulators need
to be constructed using lightweight servo motors. These kind

=C'

T2

(7! - r

2 3
T, +T, —



of servo motors often offer little or no choice for control
parametrization. Thus the dynamics of the manipulators has
to be modeled as a position control closed loop system.
Howeyver, suitable servo motors can be selected so that the
variations of the closed loop dynamics can be minimized and
regarded as constant. Decoupling manipulator dynamics from
the body motion and approximating closed loop dynamics
with a second order transfer function, one can write the state
space model of the manipulator part of the system:
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where each joint has specific dynamics (i.e. natural frequency
w; and damping (;), u; w%,‘.qri where qr; defines control
input for the ¢-th joint. Combining joint dynamics with body
dynamics yields a state space dynamic representation of the
system shown in Fig 4. The system can be written in matrix
form:

¢ 0 &€ [0 0
CL}Z =10 —ﬂ(wz) wy| + (rb'f‘ (10)
q 0 Aq q Ug

where ¢?(&,€) denotes a 2n x 2 matrix of Coriolis and
centrifugal forces in (3), produced on the UAS body coming
from joint movements of manipulators.

D. Valve interaction coupling

We consider valve turning tasks to be strongly coupled
events where the aerial manipulator must achieve contact
forces and torques capable of turning a valve and holding
on to it at the same time. In contrast, a pick and place or
insertion task only requires a brief moment of loose coupling
with the ground during the grasp or insertion.

Once the aircraft-arm system has taken position over the
valve and the geometric center of the valve is aligned with the
aerial system centroid as shown in Fig. 3, we can assume that
the valve is constrained on a plane parallel to the bottom plate
of the quadrotor. In this situation the quadrotor center of mass
is positioned directly above the pivot of the valve. We assume
that the valve is ’perfectly’ balanced, that is the pivot of the
valve represents the center of mass in the plane on which the
valve turns. As the arms are symmetric and articulate equally
and opposite of each other, the combined arms’ center of
mass shifts only along the z axis of the quadrotor geometric
center. A constrained grab, when the quadrotor arms come
into contact with the valve and clamp on, changes the overall
center of mass (5) to include valve mass my and distance
from the center of construction c¢(H, X):

_ Qewmg + (¢ (H, X))my +mz 35, [Ei(q)]
mqg +my + dmy,

CM(q)
(11)
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It is worth noting that c*(H,X) = ¢(H,X) + R is a
function of commanded manipulator positions X and H
and valve radius R. Furthermore, it is important to view
the valve as a static object in the environment with respect
to all degrees of freedom, except yaw angle. Due to the
limitations in aircraft size and power, it can only turn the
valve, but not tilt it or change its position. Mathematically,
this is achieved for, lim,,, i, CM(q) = ¢(H, X), which
makes c(H, X))+ R an anchor point for the coupled system.
In the quadrotor body frame, the anchor point is located at
[0,0, —H]. The same mathematical analysis can be applied
for coupled moments of inertia. That is, moments of inertia
become infinity large along the x and y axes. Putting it all
together, the aircraft rotates the valve around its zy axis,
which is aligned with body zp axis, while the rest of the
dynamics is tightly coupled to the environment.

For this case, the quadrotor propulsion system acts as a
torque controlled joint. Reusing assumptions from previous
paragraph, equation (4) still holds for the coupled system.
Moment of inertia is discretely changed accounting for addi-
tional valve moment of inertia in z axis (i.e. IV*¥® = my R?
with R as valve radius in Fig. 3), so that the total inertia of
quadrotor, arm, valve system becomes:

1=n

Liotal = Iquad + Zlgrm + Ivalve

i=1

12)

Another discrete change of system dynamics comes from
valve friction. Unlike in-air motion, when the UAS is tightly
coupled with the valve, it exhibits friction forces produced
within valve turning mechanism. Aerodynamic drag is thus
replaced with a complex nonlinear force that is difficult to
model accurately, but it has significant effect on UAS actu-
ators. Valve turning friction has three distinct components,
modeled with following function [21]:

—lwz]
€

b (w;) = bjw, + sgn(w;) [bg + (b5 — b)e (13)

o b} represents viscous friction, much like linearized
aerodynamic drag (8

o b¢ is dynamic friction coefficient

o b}, stands for static friction, which needs to be overcome
in order to start turning the valve.

E. Valve turning as switching system

Since the previous analysis shows that valve turning has
two discrete dynamics, it is only natural to model it as a
switched nonlinear system. The switched nonlinear system:

which in case of valve turning, for each r € R = {1,2},
A, : R?"+2 5 R27+2 j5 a continuous function as shown in
(10). The locally absolutely continuous function § : R>q —
R?"+2 that satisfies (14) for t € Rsg, and a piecewise
constant function r : R>g — {1, 2} with a finite amount of
discontinuities in each time interval, complete the solution
for (14) [22].

(14)
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For r = 1, A, is obviously corresponding to (10), has
aerodynamic drag 3(w.), and moment of inertia variations
as formulated in (6). When the UAS grabs the valve (i.e.
r = 2), the system dynamics change: moments of inertia
exhibit a discrete event change according to (12); and friction
switches from ((w,) to equation (13).

IV. HARDWARE DESIGN AND HUMAN MACHINE
INTERFACE (HMI)

We aim to utilize mobile manipulating aerial platforms
in a multi-agent system that has the ability to perform both
reconnaissance missions and missions that require interaction
with its surroundings (Fig. 5). We strongly believe that
building such a system raises the need for a completely new
human-machine interaction. Although the HMI design goes
beyond the scope of this paper, we briefly introduce it in
this section to better clarify the procedures we used in our
experiments. As shown in Fig. 5, the proposed HMI design
requires input both from classical joystick controllers, as well
as voice recognition and motion detection.

For the low-level control, an off-the-shelf autopilot is
used to control the yaw, pitch, and roll of the quadrotor
through gyroscopic sensor data. Integrated with the low-level
controller, a high-level autopilot controller using a motion
capture system that provides x,y,z position and velocity
information is proposed. Motion capture is based on vision
markers placed just above the center of mass of the vehicle.
A PC-based control station reads an array of commands from
multiple inputs (i.e. joystick, motion detection and voice
control) to navigate the UAS in the motion tracking volume.

V. EXPERIMENTAL RESULTS

Using the proposed HMI design, an experiment was con-
ducted where an operator navigates the UAS towards the
valve, lands on the valve, and grabs it. Before the actual
grab, a quadrotor is commanded to different yaw angle set
points in order to test the yaw angle controllers. After the
grab, the change of setpoints is repeated in order to compare
the two responses. The approach and grab are shown in three
snapshots shown in Fig. 6.

It is worth noting that the valve used during these exper-
iments differs significantly from standard industrial valves.
This explains such a similarity between the results shown in
Figs. 7 and 8. The valve exerts friction as shown in (13),
but with a lot less static and dynamic friction as it would
normally have. Therefore, the biggest contribution to system

dynamics comes from changes in moments of inertia and
viscous friction. Increases in moments of inertia lowers the
open loop gain, thus introducing a larger overshoot, as shown
in Fig. 8.

VI. CONCLUSIONS

In this paper an arm-aircraft system for valve turning
is presented and validated through flight tests. Our exper-
imental results confirm the kinematic and dynamic model
and controller for the system. Through a human machine
interface, the UAS is commanded to approach, grab, and turn
a mock industrial valve. Learning from previous experiments,
a single operator flying the aircraft and manipulating objects
proved to be extremely difficult. With the proposed HMI, a
single operator easily control the UAS through arm motion
and voice control. Vehicle performance in terms of stability
and robustness to contact forces surpassed expectations.

Future work involves defining additional benchmark mis-
sions that could test the performance of the proposed un-
manned aerial system. Furthermore, we plan to invest a lot
of time to further develop the augmented human-machine
interface. We aim to research possibilities to introduce de-
vices and means that would further enhance an operator’s
capability to interact with the system (hand gestures, pedals,
EEG helmet, IMUs, etc.). At the same time, we will provide
the HMI with information on the operator state (EKG, skin
conductance, HR, breathing rate, etc.), thus allowing the sys-
tem to autonomously override operator inputs if necessary.
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Fig. 5. Human in the loop control of unmanned aerial system using motion
detection, voice control, and classical joystick inputs.
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