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Abstract This paper proposes the use of the non-
time based control strategy named Delayed Reference
Control (DRC) to the control of industrial robotic
cranes. Such a control scheme has been developed
to achieve two relevant objectives in the control of
autonomous operated cranes: the active damping of
undesired load swing, and the accurate tracking of
the planned path through space, with the preserva-
tion of the coordinated Cartesian motion of the crane.
A paramount advantage of the proposed scheme over
traditional ones is its ease of implementation on indus-
trial devices: it can be implemented by just adding
an outer control loop (incorporating path planning)
to standard position controllers. Experimental perfor-
mance assessment of the proposed control strategy
is provided by applying the DRC to the control of
the oscillation of a cable-suspended load moved by
a parallel robot mimicking a robotic crane. In order
to implement the DRC scheme on such an industrial
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robot it has been just necessary to manage path plan-
ning and the DRC algorithm on a separate real-time
hardware computing the delay in the execution of the
desired trajectory suitable to reduce load swing. Load
swing has been detected by processing the images
from two off-the-shelf cameras with a dedicated vision
system. No customization of the robot industrial con-
troller has been necessary.

Keywords Delayed reference control · Swing
damping · Coordinated motion · Path tracking ·
Robotic crane

1 Introduction

Overhead cranes rely on cables for transporting heavy
objects in industrial plants. They are widely employed
and are usually controlled manually by skilled oper-
ators since load swing can damage both the load and
the surrounding equipment and may represent a safety
issue for plant personnel [1]. The use of autonomous
operated automatic cranes, such as robotic cranes [2],
imposes therefore the development of effective swing
control schemes explicitly addressing the load swing
induced by the crane motion and by external dis-
turbances (e.g. impacts), as well as the positioning
capability of the system. Although many solutions
have been investigated in the recent years (see e.g.
[2–16] and the references therein) and some of them
have led to industrial applications and commercial
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diffusion, the design of controllers for the simulta-
neous path-tracking and swing control of cable sus-
pended loads is still a relevant and open research
issue. In literature, both feed-forward (open loop) and
feedback (closed loop) control strategies have been
proposed.

Feedforward methods are usually based on input
shaping techniques (see e.g. [4–6]), which take advan-
tage of the system dynamic model to generate a
reference signal that prevents the oscillation before
it occurs. Input shaping is simple to implement in
real-time controllers. Effective results can however be
achieved only if no disturbances affect the system, and
if the system natural frequency and damping ratio are
accurately known, as well as the suspended load ini-
tial conditions (which are usually assumed equal to
zero).

Feedback control methods are adopted to overcome
such a limitation, at the cost of extra sensors (see e.g.
[7–14]). Methods combining feedforward and feed-
back control techniques have also been proposed (see
e.g. [15, 16]). Nevertheless, the techniques relying on
feedback control require dedicated controllers, usually
high computational efforts, and hence are difficult to
implement in existing “closed” industrial controllers.

The aim of this paper is to provide a thorough
experimental proof of the effectiveness and ease
of implementation of the innovative non-time based
active control strategy, referred to as Delayed Refer-
ence Control (DRC). Such a feedback technique has
been first introduced in [17] and validated in [18] for
systems with a single rigid and elastic degree of free-
dom (dof). Then it has been extended in [19, 20] and
[21], and experimentally validated in [14], for systems
with an arbitrary number of dofs. The DRC idea has
been also successfully exploited in to perform precise
synchronous motion control of dual-axis hydraulic
systems in the presence of fluid compressibility [22].

The proposed DRC is said a “non-time based”
controller since the desired path is expressed as a
function of an “action reference parameter” (and not
just of the time), which, in turn, is computed on the
fly on the basis of the time history of the controlled
variables. DRC schemes can be thought of as closed-
loop optimal planning schemes, combining the ease of
implementation of the optimal motion planning tech-
niques, with the performance robustness with respect
to uncertainty and disturbances of the closed-loop
controllers.

Two typical and relevant objectives in the control
of industrial automatic cranes can be tackled simulta-
neously by the DRC: the active damping of undesired
load oscillations, and the accurate tracking of the
robot planned path through space: a strict preservation
of the coordinated Cartesian motion of the crane is
ensured. In other words the DRC allows reducing load
swing while guaranteeing coordinated crane motion
even in the presence of unexpected obstacles along
the path. These are peculiar features of the DRC, and
in particular, the capability of coping with obstacles
is a major and apparent advantage over the control
methods proposed so far.

Another relevant advantage of the proposed scheme
over traditional ones is its ease of implementation
on industrial devices: it can be implemented by just
adding an outer control loop to standard position con-
trollers. The outer loop, which can be implemented
on an external hardware, performs the DRC algo-
rithm and the path generation for the inner position
controllers. It is worth mentioning that industrial con-
trollers often allow using external references, while
do not admit modifications of the position or speed
control schemes, as it would be required by most of
the time-based control schemes developed in the lit-
erature. Additionally, the implementation of the DRC
algorithm requires a small computational effort and
therefore real-time control can be performed easily.

In order to highlight the aforementioned strengths,
in this work the DRC strategy is applied to reduce the
oscillation of a load suspended to the moving plat-
form of an Adept Quattro™ parallel robot by means
of a cable. The robot is here employed as a robotic
crane and is modelled as a four-dof overhead crane.
Only off-the-shelf sensors are employed for real-time
swing measurement. In particular, it has been chosen
to rely on visual feedback, which is often available in
robotic systems (see e.g. [23]). A vision system com-
prising two cameras and a dedicated image acquisition
and processing program (which is coded in C++ by
means of the Opensource Computer Vision library) is
adopted. The DRC control loop is implemented into
a PC running a real-time operative system, and com-
municating with the robot controller over the Ethernet
network and using the UDP protocol.

The paper is organized as follows. In Section 2
the dynamic model of a general four-dof crane is
briefly recalled. Section 3 describes the DRC syn-
thesis. Such a control design has been improved
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with respect to the original one proposed in [19]
by proposing a new and more effective method for
computing time delays. The experimental set-up and
the vision system are discussed in Section 4. The
DRC performances in executing two illustrative tasks
are shown through experimental results in Section 5.
In particular, the DRC capability to cope with the
presence of unexpected obstacle within the path is
demonstrated. Concluding remarks are finally given in
Section 6.

2 Robotic Crane Dynamic Modeling

Let us consider a robotic crane carrying a cable
suspended load and forced to move on a single
horizontal plane. Whenever the load behaves as a sim-
ple pendulum, the system can be modeled through
four independent generalized coordinates p := {θX
θY xy}T Two translations, x and y, describe the planar
motion of the robotic crane platform (the trolley) on
the XY horizontal plane. Two components of the swing

angle θ = {
θX θY

}T
describe the suspended load

motion (Fig. 1): θX is the swing angle projected on the
XZ vertical plane and θY is the swing angle projected
on the YZ vertical plane. The definition adopted in this
work to represent the swing angle components differs
from the one commonly adopted in the modeling of
overhead cranes (see e.g. [20]) but is very practical
since these angle components are consistent with the
angles measured through the vision system developed
for the experimental tests (see Section 4).

Hoisting is explicitly neglected in the robotic crane
model, as well as the vertical displacement (i.e. the
displacement along the Z axis) of the platform.

The suspended load coordinates
{
xL yL zL

}
are

then computed as follows:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

xL = x + h cos θY√
1 + tan2 θX + tan2 θY

tan θX

yL = y + h cos θX√
1 + tan2 θX + tan2 θY

tan θY

zL = − h√
1 + tan2 θX + tan2 θY

(1)

where h is the constant cable length.
In order to develop the system dynamic model it

has been assumed that the load and the trolley are con-
nected through a massless cable whose stress is tensile
and which allows modeling the system through two
load sway vibrational modes. Damping has also been
neglected, as it is common in practice. Additionally,
without loss of generality, it has been assumed that
the load mass is concentrated on a single point, and
therefore the load moment of inertia (with respect to
the load center of mass) has been considered negli-
gible (and therefore no unbalanced large-sized loads
leading to a double-pendulum dynamic behavior are
considered [5]).

As it is suggested in the original DRC formula-
tion proposed in [19], the synthesis of a DRC scheme
can be simplified by taking advantage of linearized
system models, rather than directly using nonlinear
models. Under the hypothesis that the suspended load
has small oscillations about the vertical equilibrium
configuration (θeqX = θ

eq

Y = 0), the following lin-
earized model allows describing accurately the motion
of the system:

⎡

⎢⎢
⎣

h 0 1 0
0 h 0 1
mh 0 MX +m 0
0 mh 0 MY +m

⎤

⎥⎥
⎦

⎧
⎪⎪⎨

⎪⎪⎩

θ̈X (t)

θ̈Y (t)

ẍ (t)

ÿ (t)

⎫
⎪⎪⎬

⎪⎪⎭
+

⎡

⎢⎢
⎣

g 0 0 0
0 g 0 0
0 0 0 0
0 0 0 0

⎤

⎥⎥
⎦

⎧
⎪⎪⎨

⎪⎪⎩

θX (t)

θY (t)

x (t)

y (t)

⎫
⎪⎪⎬

⎪⎪⎭
=

⎧
⎪⎪⎨

⎪⎪⎩

0
0

FX (t)

FY (t)

⎫
⎪⎪⎬

⎪⎪⎭
(2)

where FX and FY are the platform equivalent driv-
ing forces, MX and MY are the equivalent translational
masses of the robot platform along respectively the X
and Y directions, m is the load mass, g is the gravity
acceleration.

The use of linear models is widely employed in lit-
erature for the synthesis of both feedback and feedfor-
ward control schemes for overhead crane. As a matter
of fact, the controlled motion leads to small load oscil-
lations and therefore ensures meeting the linearization
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Fig. 1 Scheme of the studied system

hypothesis. Secondly, the direct use of linear models
allows reducing the computational effort in the real
time solution of the equations of the controller.

The system is clearly underactuated since just two
control forces are adopted to perform the simultaneous
control of the four system dofs, while no forces are
applied directly to the load.

3 DRC Synthesis for a Robotic Crane

The synthesis of a Delayed Reference Controller for a
multi-dof system has been first addressed in [19] and
will be improved in this work to address the control of
a robotic crane. The proposed synthesis takes advan-
tage of the dynamic coupling between the platform
absolute displacement q (t) = {x (t) , y (t)}T and the
suspended load swing angle θ (t) = {θX (t) , θY (t)}T
shown in (2). Basically, the control action is generated
by suitably shifting in time the time history plat-
form reference position q∗

ref (t). The reference hence
becomes a function of not just the time, but of a time
varying action reference parameter l∈ ϒ computed on
the basis of the measured oscillation (θX, θY ):

q∗
ref (t) = qref (l) (3)

where q∗
ref (t) is the reference in time, while qref (l)

is the same variable expressed in the l-domain.
It is therefore assumed that the control problem

consists in tracking a desired path through space

qref (l) rather than a trajectory in time, as in classi-
cal control theory. In particular, in DRC schemes l is
defined of the form:

l = t − τ (4)

and so qref (l) = qref (t − τ). The scalar time-
varying quantity τ ∈ R is named time delay, even
though it can take also negative values. It will be
shown that τ allows achieving the desired load swing
damping, by suitably shifting in time the robot plat-
form position reference on the basis of the sensed load
oscillation, without altering the path through space.

An effective computation of τ can be achieved by
focusing on the pendulum-like behavior of the load,
described by the first two rows in Eq. (2):
[
h 0
0 h

]{
θ̈X (t)

θ̈Y (t)

}
+

[
g 0
0 g

]{
θX (t)

θY (t)

}
= −

{
ẍ (t)

ÿ (t)

}

(5)

The vector of the platform absolute accelerations on
the right hand side of Eq. (5) may be thought of as an
equivalent external force f applied to the load:

f (t) := −
{
ẍ (t)

ÿ (t)

}
(6)

Clearly, f(t) may be appropriately set to perform load
oscillation control. This goal can be achieved by reg-
ulating the time-history of the platform motion. In
particular, effective damping of the load oscillations
can be obtained whenever the trolley accelerations
exciting the load, i.e. f(t), behave as an active damp-
ing force proportional to the actual (or sensed) swing
velocities:

f (t) = −
[

kθX kθXY

kθYX kθY

] {
θ̇X (t)

θ̇Y (t)

}
(7)

If Eq. (7) is satisfied, the motion of the trolley con-
trols the load oscillation by providing active damping.
On the basis of Eqs. (6) and (7), the DRC synthesis
problem is formulated as finding the real scalar τ that
allows exerting the desired active damping force while
preserving the crane prescribed path through space:

τ ∈ R |
{{

ẍ (t)

ÿ (t)

}
=

[
kθX kθXY

kθYX kθY

] {
θ̇X (t)

θ̇Y (t)

}
,

{
x (t)

y (t)

}
=

{
xref (t − τ)

yref (t − τ)

}} (8)

Generally speaking, the problem in Eq. (8) has no
exact solution. A couple of simplifying hypotheses are
then introduced in the DRC synthesis. First of all it
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is assumed that the tracking error q∗
ref (t) − q (t) can

be neglected (i.e. q∗
ref (t) � q (t)), and therefore it is

assumed that the platform does not alter significantly
the trajectory in time calculated to damp the oscil-
lations. This assumption is common in many works
proposed in literature, both feedback and feedfor-
ward techniques, since industrial controllers usually
allow obtaining small tracking errors. This assumption
allows replacing the actual platform absolute accel-
eration with the second derivative of the platform
reference position q̈∗

ref (t) in Eq. (5). Secondly, the
time history of the crane position reference q∗

ref (t)

is linearized on the basis of its first-order Taylor’s
expansion:

q∗
ref (t) = qref (t − τ) � qref − βτ (t) (9)

where β = dqref
dt

is the platform reference veloc-
ity. The following system of equations approximating
problem in Eq. (8) originates therefore from the sec-
ond derivative of Eq. (9):

βτ̈ = −
[

kθX kθXY

kθYX kθY

] {
θ̇X (t)

θ̇Y (t)

}
(10)

Equations (8) and (10) show that the control problem
is well-posed for any continuous position reference
(otherwise delaying the position reference cannot be
done), and in the starting and travelling phases of
the motion. Therefore, the DRC is mainly aimed at
controlling such phases.

Equation (10) is a system made by two linear
independent differential equations, with the scalar
unknown τ̈ . An unique value of τ̈ satisfying exactly
both equations simultaneously does not exist in the
general case. However, a first approximate solution
of Eq. (10) can be found by looking for the scalar τ
minimizing the square Euclidean norm:

min
τ̈ (t )

{∥∥∥∥βτ̈ (t)+
[

kθX kθXY

kθYX kθY

]{
θ̇X (t)

θ̇Y (t)

}∥∥∥∥

2

2

}

(11)

An extra term λ ‖τ̈ (t)‖2
2 should be included in such

a minimization problem, in order to prevent the com-
putation of high values of τ̈ (t), which would lead to
high accelerations of the platform, as it can by inferred
by the second derivative of Eq. (9). The proposed

minimization problem takes therefore the following
form:

min
τ̈ (t )

⎧
⎪⎨

⎪⎩

∥∥∥∥∥∥
βτ̈ (t)+

[
kθX kθXY

kθYX kθY

]
⎧
⎨

⎩

θ̇X (t)

θ̇Y (t)

⎫
⎬

⎭

∥∥∥∥∥∥

2

2

+ λ ‖τ̈ (t)‖2
2

}
(12)

The scalar positive real value λ ∈ R allows trading
between the cost of missing the control specification
in Eq. (11), and the cost of using large values of the
control action, which is related to ‖τ̈ (t)‖2

2. The opti-
mal solution of Eq. (12) exists and it can be computed
analytically as follows:

τ̈ (t) = − βT

‖β‖2
2 + λ

[
kθX kθXY

kθYX kθY

]{
θ̇X (t)

θ̇Y (t)

}
(13)

The presence of λ ensures the existence of the solution
of the DRC problem, regardless of the values of β and
of the sensed angles. As a practical rule for the selec-
tion of λ, larger values should be selected in case ‖β‖2

2
approaches zero in order to prevent a swift increase
of τ .

Finally, by setting the initial condition τ(0) = 0
and τ̇ (0) = 0, the following relation between the
delay and the swing angles is established in the time
domain:

τ (t) = −
t∫

0

βT

‖β‖2
2 + λ

[
kθX kθXY

kθYX kθY

]{
θX (ψ)

θY (ψ)

}
dψ

(14)

Equation (14) allows computing τ approximating the
desired active damping force given by Eq. (7). It
clearly shows that the implementation of the proposed
regulator in a real-time controller may be performed
without incurring significant computational costs. As
a matter of fact Eq. (14) just requires some algebraic
operations and the integration of the sensed angles.
Therefore, Eq. (14) can be easily discretized to allow
digital implementation. It is also worth noticing that
Eq. (14) does not require the knowledge of the robotic
crane equivalent translational masses (MX and MY ).

In order to improve the effectiveness of the control
action in the presence of nonlinear paths, the impact
of the linearization in Eq. (9) upon the DRC perfor-
mances can be mitigated by computing τ through a
time-varying β rather than through a constant one.
In this way, the nonlinear function representing the
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reference path is replaced by a sequence of linear func-
tions in the form of Eq. (9) attained through function
linearization about the system trajectory. Hence, in
general, under the assumption of smooth τ , β can be
computed as follows:

β (l) =
{

dxref (l)

dl

dyref (l)

dl

}T
(15)

Since an analytical expression of xref (l) and yref (l)
is usually known in robotic cranes, the analytical
expression of β(l) is also available, and no numerical
derivation is needed. Alternatively, numerical deriva-
tion should be employed, which does not represent a
severe obstacle in the implementation.

Overall a DRC scheme has a cascade structure con-
sisting in an inner position loop (the standard robotic
crane position controller) and an outer swing control
loop which includes the trajectory planner and the
action reference block. The action reference block is
the block computing the action reference parameter
l(t, θX, θY ) on the basis of the time variable and the
sensed output. Figure 2 schematically depicts such a
cascade structure, applied to the robotic crane studied
in this work.

The outer control loop is highlighted by adopting
double lines. It is apparent that the suggested DRC
scheme can be implemented by simply adding an outer
loop to any standard position controller, as long as
such controllers ensure adequate dynamic responses
and therefore negligible tracking error. Clearly, the
more the system dynamic behavior meets the hypothe-
ses introduced in the computation of the delay τ , the
more load oscillation damping is effective. In real
systems, the unavoidable presence of tracking errors
and measurement delays, affect the controller per-
formances, by reducing its capability to damp the
unwanted oscillation and by decreasing the controlled
system phase margin.

Action Reference Block

q(t)

Robot
position

controller

qref (l) (t)

( X, Y)

Reference
planner Robotic 

Crane

t

l

+ θ θτ

θ

Fig. 2 DRC cascade structure

4 The Experimental Setup

The chief hardware, software, and network compo-
nents of the experimental setup are schematically
depicted in Fig. 3. Such a setup comprises one Adept
Quattro industrial robot with its standard real-time
controller SmartController CX, a target PC with xPC
Target real-time operative system, two firewire CCD
cameras, and a dedicated Vision System based on the
open source computer vision library called OpenCV.
Such a Vision System is running on a PC directly
communicating with the target PC.

The Adept Quattro is a four arm “picker”/delta style
parallel robot, with a four-dof moving platform (three
translations and one rotation about a vertical axis). It
is typically employed in industrial pick and place of
lightweight objects (see e.g. [24, 25]). In the applica-
tion proposed in this work the rotation of the moving
platform cannot be exploited to reduce load swing and
hence it has been neglected. Additionally, in order to
make the platform motion recall the one of the trolley
of an overhead crane, it has been forced to move on a
single horizontal plane.

The suspended load of the robotic crane is con-
nected to the robot platform by means of a nylon
cable whose length is 0.95 m. The two swing angle
components θX and θY are detected by the VS and
are measured by observing the slope of the pro-
jections of the cable on the camera image planes.
Two separate cameras are employed to this purpose.
The cameras are fitted perpendicular to each other
and with the optical axes parallel to respectively the
X and Y axes of the robot reference frame. DRC
schemes can however be implemented by assuming
any arbitrary sensor or estimation scheme to mea-
sure the swing angle. For instance load-cell based
observers [26], acceleration-based observers or incli-
nometers [27] have been proved to be effective and
easy-to-be-implemented in industrial environment.

Once the swing angles θX and θY are measured,
the target PC closes the outer control loop by com-
puting the delay τ through Eq. (14) and by sending
to the robot controller the delayed platform refer-
ence positions. The software programs on the target
PC are uploaded from a host PC running Matlab-
Simulink, and implementing the DRC algorithm, with
a sampling time of 1 ms.

In order to manage robot motion and external
trajectory planning three concurrent real-time tasks
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Fig. 3 Scheme (a) and
picture (b) of the chief
components of the
experimental setup

Camera 1

Camera 2

Load

IEEE 1394

OpenCV Vision System

Ethernet

Adept QuattroTM

The MathWorks xPC Target 
(target PC with real-time o.s.)

Adept SmartControllerTM
 CX

Ethernet

Ethernet IEEE 1394

The MathWorks Simulink
(host PC)

(threads) run on the robot controller SmartController
CX: the receive communication task, the send commu-
nication task and the control task. Figure 4 shows the
logical scheme of these tasks. The interested reader
should refer to [14] for a detailed description of the
aforementioned tasks.

The vision system plays a crucial role in the control
of the load oscillations since it is employed to measure
the two swing angle components of the payload. Slow
acquisition rates should be avoided since they reduce
the phase margin by introducing delay in the control
loop, and therefore downgrade the controller perfor-
mances. In a previous work [14], the swing angles
were measured by means of the Adept Sight Vision
System. Such a vision system has allowed achieving
some interesting initial results, discussed in the same
paper, but the image processing represented a bottle-
neck of the overall system since it could not operate
at a frequency rate higher than 15 Hz. In order to

Send 
Communication 

Task

Control
Task

Receive 
Communication 

Task

OpenCV vision
Windows PC

Adept Quattro 
parallel robot

xPC-Target
RealTime OS

Robot Controller: 
the three parallel tasks

q
ref (t –

)

Ethernet
q(t)

Firewire
cameras

Ethernet 
(t)

Ethernet
qref (t – ) 

IEEE 1394

τ

τ

θ

Fig. 4 The Adept Quattro tasks
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overcome this limitation a novel vision acquisition and
processing system has been developed in this work.
The new acquisition process, based on the CMU 1394
Digital Camera Driver. Image processing, has instead
been implemented by means of an openCV library
capable of performing blob analyses and computing
the cable slopes in a time shorter than the frame acqui-
sition time. The number of rows selected (250 rows),
which is the parameter most significantly affecting the
image processing time, leads to a 60 Hz rate of the
feedback signal and a resolution of 4e−3 rad (3.8 mm
in terms of relative linear displacement between the
suspended load and the cable attachment point on
the moving platform,). Such a resolution is certainly
satisfactory for the purposes of the paper.

Finally, the resolution of the images acquired (and
in particular the number of columns) combined with
the focal length of the camera lead to a measurable
workspace of about 200 mm in both the X and Y axes.

5 Experimental Results

The demonstration of the controller peculiar proper-
ties and the assessment of its performances are here
provided by means of two experimental tests involving
two different paths through space:

• a path obtained combining two straight line dis-
placements, leading the suspended load of the
crane enter and cross a narrow path confined by
vertical “walls” (Fig. 5). The path is broken up by
the presence of an obstacle right along the desired
path. The obstacle is “unexpected”, in the sense
that it is not accounted for in motion planning;

• a path combining two harmonic displacements
along orthogonal Cartesian directions resulting

Fig. 6 Scheme of the curved path about two obstacles

into a round path with a shape like figure eight: the
suspended load is basically required to go around
two very close vertical obstacles (Fig. 6).

The first path consists of two linear paths and is char-
acterized by two corresponding values ofβ. In the sec-
ond experiment, instead, β keeps changing and also
takes null values. These conditions allow testing the
DRC performances under an adequately wide range
of operative conditions. Both the experiments demon-
strate the capability of the proposed control scheme
to improve the robot performances in case the desired
motion leads to significant oscillations of the load.
The first test also highlights another chief strength of
the DRC scheme: if the suspended load hits an obsta-
cle, time delay is made increase indefinitely and hence
the load is stopped until the obstacle is removed. Such
a feature might be interestingly exploited to improve
robotic crane operational safety.

Basically, the experiments aim at proving that the
DRC regulator can suitably shift the execution of the
desired trajectory in time, rather than showing that
minimum load oscillations can be achieved: heuristic
rules have been therefore adopted to tune the con-
troller gains, and no trial-and-error optimization has
been performed. A simple rule has been followed
to set the equivalent damping force (i.e. the con-
troller gains kθX, kθY , kθXY , kθYX), in order to show
that effective results can be attained without perform-
ing time-consuming tuning. It consists in choosing

Fig. 5 Scheme (a) and
picture (b) of the piecewise
straight path with obstacle
and picture (b) of the object
employed to confine the
path
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decoupled equivalent forces (i.e. kθXY = kθYX = 0)
that ensure achieving the desired equivalent damping
ratio (ξDES) of the oscillating load dynamics. In par-
ticular, the equations from (5) to (7) can be rearranged
to get the following closed loop decoupled load swing
dynamics:
{
hθ̈X + gθX = −kθXθ̇X
hθ̈Y + gθY = −kθY θ̇Y

(16)

and hence, the gains of the DRC can be computed as
follows:

kθX = kθY = 2ξDES

√
hg (17)

In particular, the results shown in this Section have
been attained by imposing ξDES = 1 in Eq. (17).
Other approaches can be followed to obtain non diag-
onal or asymmetric matrices: as an example, matrix[

kθX kθXY

kθYX kθY

]
could be obtained as the solution of a

Linear Quadratic Control problem. Clearly, a fine tun-
ing of the parameters would yield a regulator with
better performances in terms of oscillation damping.
However, this goes beyond the aims of the paper.

The term λ has been set to 10−4 in the first test,
while it has been set to 10−2 in the second test. Such
a difference is mainly motivated by the need of cop-
ing with the null values taken by β along the second
path: by reducing λ it is possible to mitigate the effect
of ‖β‖2 in the computation of τ , at the expense of
a reduction in the control promptness in damping
oscillations.

For all the tests carried out, a comparison is pro-
posed between the performance attained with and
without DRC.

5.1 Test 1: Piecewise Linear Straight Line Path
Confined by Walls, with Obstacle

Two objectives are to be pursued by the sequence of
linear paths assumed as the first test. On the one hand,
such a path is useful to assess the damping capabil-
ities of the DRC when relevant load oscillations are
introduced by the step changes in the first derivative
of the undelayed position reference. On the other, it
clearly shows the peculiar behavior of the DRC in the
presence of unexpected obstacles along the path.

Figure 5a sketches the theoretical path that should
be followed by the load (dotted black line), the walls
confining the path and the obstacle obstructing the

motion. Figure 5b shows a picture of the objects used
to mimic the obstacle and the walls confining the mid-
dle part of the path. The coordinates of the points
adopted to define the path are collected in Table 1,
where they are expressed in the robot world reference
frame. The suspended load should first enter the area
where there are the walls by following a very short
straight line path (from start point to via point 1). It
should then move parallel to the walls following a
straight line path different form the first one. Finally, it
hits an unexpected obstacle (simulated by an adhesive
tape fixed to the two walls, as it is shown in Fig. 5b
and in Fig. 7) which is placed along the straight line
path between via point 1 and the end point. In particu-
lar, Fig. 7 shows some snapshots of experimental tests,
without (first row of pictures) and with (second row)
DRC. The arrows show the direction of motion of the
load in each picture. Their lengths just provide an intu-
itive idea of the load velocity. The differences between
behaviors in the two tests can be easily compared in
Online Resource 1.

Some relevant recordings of this test are shown in
the figures from 8 through 12. The results refer to
a sample test, among several repetitions of the same
path performed. Indeed, the repetition of the path more
than once leads to almost identical results. As a matter
of fact, DRC control schemes preserve their effective-
ness even in the presence of unknown and not null
displacement and velocity initial conditions, as it has
been demonstrated in [14]. Figure 8 displays the time
histories of the position references along the Carte-
sian axes X and Y, both when the DRC is employed in
the outer control loop (the delayed references, straight
line) and when it is not (the undelayed references, dot-
ted line). It clearly shows how the DRC outer loop
shapes the platform planned motion for damping the
load oscillation. The references have been delayed in
time by the values of τ computed in accordance with
Eq. (14) and plotted in Fig. 9. Figure 9 also displays
the consequential time history of l.

Table 1 Coordinates of the points through which the piecewise
straight line path has been defined

Start point: (x = 22.5 mm, y = 0, z = 0)

Via point 1: (x = 47 mm, y = 0, z = 0)

End point: (x = 212.5 mm, y = 167 mm, z = 0)

Undelayed reference velocities vx = 60 mm/s vy = −60 mm/s



210 J Intell Robot Syst (2014) 76:201–217

Fig. 7 Snapshots of the
path broken up by an
obstacle (row “1”: without
DRC; row “2”: with DRC)

1a 1b 1c

2A 2B 2C1d 1e 1f

2D 2E 2F2a 2b 2c

2d 2e 2f

Fig. 8 Robot platform
position references in the X
and Y directions vs. t
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Fig. 9 τ vs. t and l vs. t,
with the DRC control
scheme

0 1 2 3 4 5 6 7 8
0

2

4

6

8

t [s]

[s
]

0 1 2 3 4 5 6 7 8
0

0.5

1

1.5

2

t [s]

l [
s]

τ

It is worth mentioning that the basic DRC proposed
in this paper does not allow preventing impacts, since
neither structured environment or obstacle detection

systems are assumed. Nonetheless, the peculiar fea-
ture of DRC to slow down and, in the end, to stop the
motion in the presence of impacts allows smoothing

Fig. 10 Detail of the swing
angle components before
the collision
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Fig. 11 Swing angle
components vs. t
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the impacts themselves and reducing damages when-
ever obstacle avoidance systems are not available or
fail.

Figure 10 shows a detail of the time histories of the
measured swing angle components, before the colli-
sion with the obstacle occurs. By comparing Figs. 9

and 10, it can be recognized that the DRC makes τ

promptly increase at the time instants (t = 0.2 s
and t � 1 s) when the platform motion originates
swift variations of θ. Afterwards τ rises at a lower
rate and almost approaches steady values (see e.g.
from t = 0.65 s to t � 1 s, and from t � 2.5 s to

Fig. 12 Details of the robot
platform reference and
actual positions in the X and
Y directions vs. t

0 0.5 1 1.5 2 2.5 3 3.5

50

100

150

t [s]

x
[m

m
]

0 0.5 1 1.5 2 2.5 3 3.5
-100

-80

-60

-40

-20

0

t [s]

[m
m

]

x
ref

x

y
ref

y

θ
yθ



J Intell Robot Syst (2014) 76:201–217 213

t� 3 s). Figure 10 clearly proves that the DRC ensures
an adequate damping of the suspended load oscilla-
tion. Conversely, frequent collisions with the walls
confining the path occur in case the sole inner position
loop is employed, i.e. when the DRC is not running
(see e.g. t � 0.85 s).

Figure 11 provides the full experimental record-
ings of the swing angle components, and therefore
it shows the effects of the collision with the obsta-
cle (details 1B and 2B, Fig. 7), which significantly
excites load oscillations. In particular, without DRC
the robot obviously keeps moving the load after the
collision with the obstacle. Even if the load motion is
obstructed by the obstacle, the robot strives to pull the
load, by making it tilt (1D) and then cross the obsta-
cle (1E), with resulting uncontrolled large amplitude

oscillations (1F). This can lead to easily conceivable
consequences when the obstacles or the load are of
hazardous or fragile nature. On the contrary, after the
collision the DRC keeps the reference position almost
constant (see Fig. 8, t � 3 s) because such a dis-
turbance causes increases of the load angles which
cannot be compensated without drifting away from
the desired path. This result is a consequence of the
fact that τ increases at the same rate as t and there-
fore l takes constant values (see Fig. 9). Since the
desired equivalent damping force f(t) is a function of
the swing velocities, the DRC allows avoiding any
increase or oscillation of the swing angles. Constant
values of the angle components are therefore attained.
The small amplitude transient oscillations are just con-
sequences of the elasticity of the obstacle material.

Fig. 13 Snapshots of the
curved path around two
obstacles (row “1”: without
DRC; row “2”: with DRC)

1a 1b 1c

1d 1e 1f

2a 2b 2c

2d 2e 2f
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Fig. 14 Swing angle
components vs. t
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The same behaviour is evident in the snapshots pro-
vided in Fig. 7: after a short transient, when the load
bounces back because of the impact with the elastic
obstacle (2B), the DRC swiftly controls the load by
keeping it at a constant position (2D, 2E, 2F). The
platform motion along the planned path leading to
such a result can be more clearly caught in Online
Resource 2.

The usefulness of this DRC feature in improving
robotic crane operational safety is evident.

Finally, Fig. 12 shows the position tracking error
(tracking lag) by comparing the reference and the
actual value of the robot platform positions in both the
X and Y axes. The proposed results refer to the control
performed in the presence of the DRC. Yet, a similar
behavior is attained in the presence of the sole inner

Fig. 15 Robot platform
position references in the X
and Y directions vs. t
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Fig. 16 τ vs. t and l vs. t,
with the DRC control
scheme
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position loop. Clearly, such a result does not allow
fully meeting the requirement of a negligible position
tracking error, and decreases the controller effective-
ness. A reduction of the tracking lag, as well as a
further reduction of the swing angle acquisition and
computational time would certainly lead to even better
performances of the DRC.

5.2 Test 2: Curved Path Around Two Obstacles

Ever changing and also null values of β characterize
the second curved path. It is here assumed that the
suspended load needs to go around two obstacles by
following a path basically recalling the shape of the
number “8”, as it is sketched in Fig. 6. A collection
of some snapshots of experimental tests carried out
with (row 2) and without (row 1) DRC is proposed in
Fig. 13, while the video recording of the two tests is
shown in Online Resource 3.

In detail, the robot platform position reference
defined in the X and Y axes are respectively:
{
xref (l) = 90 (cos (l)− 1)
yref (l) = 45sin (2l)

[mm] (18)

Lack of oscillation control leads to unavoidable colli-
sions between the load and the obstacles (see picture

1C in Fig. 13). This is also confirmed by the time
histories of the load swing angle components which
are shown in Fig. 14. The DRC scheme can consider-
ably reduce the load unwanted oscillations and prevent
collisions.

Only a small residual low frequency oscillation
due to the centrifugal effect can be observed. Such
an oscillation is orthogonal to the path and arises
whenever curved paths are tracked, and therefore it
cannot be compensated being the system underactu-
ated. Finally, Fig. 15 compares the robot platform
position references in the Cartesian axes, while Fig. 16
shows the time histories of τ and l. Overall, the lat-
ter highlights that just a small delay is needed to get
an effective suppression of the unwanted load oscil-
lations at the swing natural frequency and to prevent
collisions.

6 Conclusions

This paper introduces an improved version of the
Delayed Reference Control (DRC) for the swing con-
trol of a robotic crane and proves its effectiveness and
industrial-oriented design through a set of significant
experiments carried out on an industrial test rig.
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The effectiveness of the scheme is assessed by
showing the experimental recordings from two chal-
lenging tasks involving different paths through space.
The consequences of collisions with unexpected
obstacles are also shown and discussed. Overall, the
shift in time of the trajectories caused by the DRC
are shown to lead to significant decreases to the oscil-
lations of the suspended load. Additionally, contrary
to many traditional time-based regulators, the coordi-
nated Cartesian motion of the robotic crane is always
assured.

The assessment of the DRC effectiveness has been
carried out on an experimental setup comprising an
industrial robot mimicking a robotic crane: this choice
makes apparent how easy it is to implement DRC
schemes on industrial devices. This is basically a con-
sequence of the low computational effort required to
calculate the time delay and of the fact that its imple-
mentation just compels closing an outer swing control
loop outside the standard inner position controller of
the robotic crane. Such an outer loop includes the path
planner generating the references for the inner loop,
and the DRC algorithm computing the suitable time
delay leading to the desired equivalent damping force.
The calculation of the time delay just compels the
direct measurement of the load swing angle compo-
nents. In the experiments it has been chosen to rely
on visual feedback provided by off-the-shelf cameras,
which is often available in robotic systems. Though
commercial software could be employed to perform
image acquisition and processing, in this work a soft-
ware program employing open-source libraries has
been developed, to achieve higher feedback rate and
measurement resolution.
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