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Abstract. In this paper, a cable-driven system is examined for the application of inspection
of large, vertical-walled structures such as chemical storage tanks, large ship hulls, and high-rise
buildings. Such cable-driven systems are not commonly used for these tasks due to vibration,
which decreases inspection accuracy and degrades safety. The flexible nature of the cables
make them di�cult to control. In this paper, input shaping is implemented on a cable-driven
system to reduce vibration. To design the input shapers, a model of the cable-driven system was
developed. Analysis of the dominant dynamics and changes in them over the large workspace
are also presented. The performance improvements provided by the input shaping controller
are quantified through a series of simulations.

1. Introduction

A cable-driven parallel manipulator (CDPM) is a type of parallel manipulator in which each
cable in the mechanism is connected to the end-e↵ector in parallel with the other cables. As
opposed to a serial manipulator (e.g. robotic arm), each cable is actuated independently of the
others. Sometimes called cable-direct-driven robots, these systems are currently being studied
and implemented in a variety of applications due to the fact that cables have a high load capacity,
low mass, and thus lower cost than the traditional serial manipulator [1, 2]. In addition, a
CDPM can have a large workspace by varying cable lengths or attaching the winches to mobile
bases. This allows for inspection robots to reach hazardous environments and be transported
easily [3–8].

Currently, cable-driven parallel manipulators include the SkyCam [9], used to video sporting
events, and SPIDAR [10], used as a means of interacting with a virtual reality. In these cases
and most others, the CDPMs are redundantly restrained, meaning that they have more driven
cables than the number of degrees of freedom. This is done to improve the stability of the
system and is largely motivated by the fact that cables are flexible in nature and only capable of
being driven in one direction via tension. In contrast, this paper will investigate an incompletely
restrained cable-driven system with two cables and three degrees of freedom.

Cable-driven parallel manipulators have been implemented for inspecting and cleaning of
vertical structures [11, 12]. The designs thus far primarily rely on the mechanical hardware to
limit vibration of the mechanism. Commonly, vertical structures are inspected for damages
manually, compromising accuracy and leading to long inspection times. For example, the
inspection robot SAM is held in tension on both the top and bottom of a high-rise building
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Figure 1: Vertical, Double-Wall Above-
ground Storage Tanks [15]

Figure 2: Sketch of a CDPM Tank
Inspection System

while the robot is simply controlled by an operator to maneuver up or down [11]. The process
is ine�cient, and only a small portion of the building can be inspected per pass of the robot.

Focusing on cylindrical vertical structures, specifically single- and double-walled aboveground
storage tanks like those shown in Figure 1, this paper aims to begin the work of applying
CDPMs for the inspection of structures with complex geometries. Currently, the Code of Federal
Regulations mandates that all aboveground storage tanks be inspected within the regulations
given by API 650, API 653, and STI SP001 standards [13]. There are two types of inspections
required by the standards: formal and informal. The informal visual inspection is required to
take place frequently, usually monthly, while a formal, more-thorough, inspection is scheduled
and performed by authorized personnel. The scheduled inspection depends on the type of tank,
use of the tank, and its environment but is typically completed every 1–3 years. Not only is it
important that the tanks be monitored visually, but it is also important that accurate knowledge
of the condition of the tanks be acquired and recorded. Poor conditions of the tank may result
from paint failures, pitting, corrosion, weld thinning, and leaks in seams or rivets [13]. While
a visual inspection can determine the obvious damage, precise inspection instruments may be
beneficial for understanding the lifespan of the tank. A case of avoidable tank leakage led to a
spill into the Elk River in West Virginia, leaving thousands of people with unclean water [14]. A
robotic system, like the one sketched in Figure 2, is one possible way to improve the inspection
of cylindrical tanks and help prevent such disasters.

The paper will explore the use of a cable-driven parallel manipulator for the inspection
of cylindrical structures. First, a preliminary model and dynamics for a cable-driven system
consisting of two moveable winches and a payload, all moving along the shell of a cylindrical
storage tank, is presented. In Section 2, the changes in natural frequency due to nonlinearities
of the system are specified. Section 3 introduces Input Shaping to be used in the nearly-linear
region of the workspace in order to reduce the payload vibration, making the system more
e�cient and safe. Multiple input shapers are applied and compared. Finally, conclusions are
presented in Section 4.

2. System Dynamics

In order to accurately represent the cable-driven inspection system, a complex model must be
created, consisting of two control-unit winches adhered to the wall of an aboveground storage
tank driving an inspection unit, like that shown in Figure 2. The winches, responsible for
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Figure 3: Simplified Planar Model

movement of the inspection unit, move around the shell of the tank. This motion of the winches
on the cylindrical shell, along with retraction or extension of their cables, move the inspection
unit payload.

As an intermediate step in fully representing the system dynamics, a planar model of the
system from the top view was created and is shown in Figure 3. The simplification does not
account for three-dimensional pendulum a↵ect of the cable-suspended inspection unit payload,
but does include the motion of the payload along the curvature of the cylindrical structure. The
masses of the winches, m1 and m3, along with the mass of the payload, m2, are all fixed along
a circle, representing the outer shell of the cylindrical tank. The equations of motion describing
the system are:

✓̈1 = � 1

2m1
�11c1(✓̇1 � ✓̇2) �
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m1
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2m2

⇥
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where the corresponding �ij terms can be described by the following equations:

�11 =
sin2(✓1 � ✓2)

1 � cos(✓1 � ✓2)
�21 =

sin2(✓2 � ✓1)

1 � cos(✓2 � ✓1)
(4)

�22 =
sin2(✓2 � ✓3)

1 � cos(✓2 � ✓3)
�33 =

sin2(✓3 � ✓2)

1 � cos(✓3 � ✓2)
(5)

Angles ✓1, ✓2, and ✓3 correspond to the movement of each mass from the system equilibrium.
For the simulations presented in this paper, the masses, m1, m2, and m3 are 2.5 kg, 10 kg, and
2.5 kg, respectively. The spring constants, k1 and k2, are both 100 N/m. The parameters were
chosen relative to one another in order to simulate a possible real system.

In order to simulate the response of the inspection unit payload, m1 and m3 were given bang-
coast-bang acceleration inputs, reducing the system to one mode of vibration. Figure 4 shows
the payload’s response to the acceleration inputs. With a maximum acceleration of 20 rad/s2

and maximum velocity of 2 rad/s, m1 and m3 move to a final position of 20�. The residual
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Figure 4: Payload’s Response to Bang-
Coast-Bang Acceleration Input
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Figure 5: Changes in Natural Frequency as
a Function of Winch Spread
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Figure 6: The Input Shaping Process

vibration of m2 due to the acceleration input is significant, and it would likely be unsafe and
ine�cient to use the system.

The spread of the winches, represented as angle �, is defined by the angle between m1 and
m3. At each angle of spread, the system frequency was estimated around the static equilibrium
utlizing the Fast Fourier Transform (FFT). Figure 5 plots the changes in natural frequency as
a function of �. The natural frequency remains nearly constant between � = 10� and 40�.
Over this range of angles, the natural frequency is only 0.0315 Hz, or ±2.25%, from the average
frequency over the range, 0.697 Hz. In other words, within this region of the workspace, natural
frequency is nearly constant.

3. Input Shaping

Input shaping, commonly used for crane control [16–18], is one possible control method for
reducing vibration of the cable-driven system. To date, input shaping has only been implemented
on CDPMs moving along a flat surface [20, 21].

An input shaper consists of a series of impulses designed to reduce vibration at or around
the system’s natural frequencies and damping ratios. To implement input shaping, the original
command is convolved with the series of impulses, creating a new, input-shaped command
to be sent to the system. If the input shaper is properly designed, then the new, shaped
command results in a response in which the residual vibration is reduced or eliminated. This
is demonstrated in Figure 6; the original command is convolved with a two-impulse shaper
reducing the vibration to zero and increasing the length of the command by the duration of the
shaper.
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Figure 7: Sensitivity Plot for Multiple Input Shapers
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Figure 8: Resulting m1 Motion from Shaped Bang-coast-Bang Input

The shaper used in the illustrative example response in Figure 6 was the well-known the Zero-
Vibration (ZV) shaper. The ZV Shaper is designed to reduce residual vibration to zero, but
only at the design natural frequency and damping ratio [19]. To account for the nonlinearities
or modeling errors, robustness to frequency changes can be included in the input shaper design
process. For example, the Extra Insensitivity (EI) shaper was designed to increase robustness
by allowing for some small, tolerable level of vibration at the design frequency [17]. The Zero
Vibration and Derivative (ZVD) shaper provides robustness around the design frequency by not
only limiting the vibration to zero at the design frequency, but also the limiting derivative of
the function describing it to zero, as well [19].

The sensitivity curve plot in Figure 7 compares the robustness of the ZV, ZVD, and EI
shapers. The sensitivity curve shows how the vibration resulting from a command shaped by
an input shaper varies as the natural frequency of the system deviates from the one for which
the shaper was designed. It is a portrait of the shaper’s robustness to changes in frequency. To
quantify this robustness, Insensitivity is used. The Insensitivity of a shaper is defined as the
range of normalized frequency for which the vibration is reduced to below some tolerable level,
typically 5% of the unshaped vibration. For example, the Insensitivity of the EI shaper at a
tolerable level of vibration of 5% is I(5%) = 0.40. This is the highest of the three shapers shown
in Figure 9, making it the most robust shaper of the three. Although robustness is desirable,
shaper duration increases with robustness, making it important to consider the tradeo↵ during
input shaper selection [17–19].

If the commands used to create the response shown in Figure 4 are shaped with a ZVD or EI
shaper, the resulting motion of m1 is shown in Figure 8 (Mass m3 follows an identical profile,
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(a) Responses for Winch Spread of 10�
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Figure 9: Comparison of Unshaped, ZVD, and EI Shaped Responses
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Figure 10: Percentage Vibration over a Range of Winch Spreads

just o↵set from m1 bye the winch spread, �.). Both shapers increase the command duration
beyond the unshaped case. However, the commands result in responses with much less vibration
than the unshaped case, as shown in Figure 9, which shows the payload responses to the the
ZVD- and EI-shaped bang-coast-bang inputs, along with unshaped response for comparison.

Figure 9a shows the shaped response with a winch spread of 10�, contained within the region
of nearly-constant natural frequency of 0.697 Hz. Figure 9b shows the response of a similar move,
but for a winch spread of 100�. The vibration is slightly larger than that with the narrower
winch spread. At this angle of winch spread, the natural frequency has decreased to 0.54 Hz.
This represents an approximate 22% decrease in frequency from that which the two shapers
were designed for, leading to the increased vibration. However, both shaped cases still result in
a residual vibration that is dramatically less than that from the unshaped case.

In Figure 10a, the vibration amplitude of the shaped response as a percentage of the vibration
of the unshaped response, or the percent vibration, of each shaper is compared over a range of
� from 15� to 170�. The ZVD shaper generates the lowest percentage of vibration within the
operating range, while the EI shaper results in the lowest average percent vibration. Within the
complete range of winch spreads, from 15� to 180�, the percent vibration is never as great as the
unshaped case. Figure 10b more closely plots the same data, within the range of likely winch
spreads. In this range, as seen earlier in Section 2, the natural frequency is nearly constant.
As a result, all shapers remain at or below 5% vibration for winch spreads up to 35�. Due to
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their robustness, the ZVD and EI shapers limit vibration to below 5% of that present in the
unshaped case over the entire range of winch spreads shown in this plot.

4. Conclusion

This paper presented a method for control of cable-driven parallel manipulators designed to
inspect the shell of cylindrical structures, such as aboveground storage tanks. A planar model
of the top view of a tank was simulated in order to gain knowledge of the dynamics of the
system. Limitations for the winch spread were determined by defining the region in which the
natural frequency of the system is nearly constant. Within the specified linear region, ZV, ZVD,
and EI input shapers were compared via residual vibration amplitude, showing that all reduce
vibration from the unshaped case. Within the entire winch spread reviewed, from 10� to 180�,
the vibration of the shaped response was always lower than that of the unshaped response.
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