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Abstract. Design of offshore drilling equipment is a task that involves not only analysis of strict machine specifications and
safety requirements but also consideration of changeable weather conditions and harsh environment. These challenges call
for a multidisciplinary approach and make the design process complex. Various modeling software products are currently
available to aid design engineers in their effort to test and redesign equipment before it is manufactured. However, given the
number of available modeling tools and methods, the choice of the proper modeling methodology becomes not obvious and –
in some cases – troublesome. Therefore, we present a comparative analysis of two popular approaches used in modeling and
simulation of mechanical systems: multibody and analytical modeling. A gripper arm of the offshore vertical pipe handling
machine is selected as a case study for which both models are created. In contrast to some other works, the current paper
shows verification of both systems by benchmarking their simulation results against each other. Such criteria as modeling
effort and results accuracy are evaluated to assess which modeling strategy is the most suitable given its eventual application.
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INTRODUCTION

The modeling and simulation tools are indispensable for the improvement of mechanical system design processes
and reducing the effort of design engineers [1], [2], [3], especially in the offshore drilling industry, where such a high
focus is on safety, efficiency, and performance of the produced equipment [4], [5], [6]. With the development of the
commercial multibody modeling software, it has become more convenient to test and redesign various solutions in a
virtual simulation environment before applying them in real world. However, the accessibility of such products and
relatively low level of expertise required to create moderately complex physical models might be a potential source
of errors and misinterpretations of simulation results. Especially, complex closed-loop mechanisms, such as parallel
mechanisms or manipulators require special attention during modeling process to avoid achieving only seemingly
correct outcomes [7] – one example is finding the reaction forces in joints for such systems [8]. Therefore, this paper
presents a comparative analysis of modeling and simulation of an offshore vertical pipe handling machine using a
commercial multibody software and analytical methods. Two scenarios are investigates: inverse dynamics – to verify
that the geometry of both models is matching, and forward dynamics – to verify if both models handle the external
loads in the same way. The contribution of this work lies in comparison of the numerical model of the offshore machine
with a model created in an existing commercial multibody software. In addition, we identify possible bottlenecks in
results interpretation when using a product available in the market and highlight pros and cons of each approach.

EQUATIONS OF MOTION FOR SYSTEM OF BODIES

A set of Cartesian coordinates defines the global position of a rigid body’s i reference frame according to [9]:

qi =
[
rT

i φi
]T

(1)

where ri = [xi yi]
T are the translation coordinates and φi is the rotational coordinate of the body in planar motion. The

velocities and accelerations of body i are the corresponding time derivatives given by the vectors:

q̇i =
[
ṙT

i φ̇i
]T

(2)
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q̈i =
[
r̈T

i φ̈i
]T

. (3)

The equations of motion of an unconstrained system of bodies are written as (vector q̈ contains accelerations of all
bodies present in a system):

Mq̈ = g (4)

where M is a mass matrix and g is a force vector that is composed of external and reaction forces, respectively:
g = gext + gc. According to [10], the reaction forces are expressed by the product of the Jacobian matrix ΦΦΦq and the
Lagrange multipliers vector λλλ :

gc = ΦΦΦT
q λλλ . (5)

In a constrained multibody system the kinematic joints are described by a set of algebraic constraints which depend
on time:

ΦΦΦ(q, t) = 0. (6)

Consequently, the velocity and acceleration constraints need to be satisfied as well:

Φ̇ΦΦ(q, t) = ΦΦΦqq̇ = 0 (7)

Φ̈ΦΦ(q, t) = ΦΦΦqq̈ = γγγ. (8)

The constraints (algebraic equations - AEs) should also be considered when solving equations of motion for the
system (ordinary differential equations - ODEs). This is achieved by using the Lagrange multipliers technique. This
way the ODEs are written together with the second time derivative (8) of the constraint equation (6). The motion of
the multibody system is described as: [

M −ΦΦΦT
q

ΦΦΦq 0

][
q̈
λλλ

]
=

[
gext

γγγ

]
(9)

where γγγ is the vector consisting of all the terms of the acceleration constraint equations that depend on the velocities
only. Solving (9) for accelerations and Lagrange multipliers yields:

[
q̈
λλλ

]
=

[
M −ΦΦΦT

q
ΦΦΦq 0

]−1 [gext

γγγ

]
. (10)

In the inverse dynamics scenario, on the other hand, to describe motion of the mechanism it is sufficient to determine
its positions, velocities, and accelerations by solving (6), (7), and (8) for a given kinematic preset (e.g. velocity).

OFFSHORE VERTICAL PIPE RACKER MODELING

The vertical pipe racker (VPR) of MHWirth shown in Fig. 1 is a full-scale offshore drilling machine that handles
stands between finger boards and well center during the drilling process [4]. The 45 m tall column is connected to the
upper and lower carriages that translate horizontally. In addition, the column features hydraulic arms which are used
to guide and grip a tubular. Finally, the machine can rotate about its vertical axis thanks to slew motors installed on
the lower carriage. In the current work, the gripper arm actuated by the winch hoisting system is investigated in detail
to examine the effectiveness of two modeling approaches. The modeling workflow for the gripper arm of the VPR is
illustrated in Fig. 1. The system is simplified by considering only the most important overall dimensions and masses,
which, together with locations and types of joints, are kept the same as in the original equipment. In addition, only the
planar motion is analyzed and friction is neglected in the system. The current work considers the vertical motion of
the gripper arm with the effect of extension / retraction of the hydraulic cylinder which is installed between the lower
and upper dollies as depicted in Fig. 1. Two input velocities used in the inverse dynamics scenario to excite the system
are:

vcyl = 0.2 [m/s], vwinch(t) =
2π
3

·0.7 · cos

(
2π
3

t
)

[m/s]. (11)

In addition, the revolute joint between bodies 3−5 is assumed to have a zero velocity preset. In the forward dynamics
scenario, the input forces are:

Fcyl(t) = 22000+15000 · sin(πt) [N], Fwinch(t) = mtotg+10000 · cos

(
2π
3

t
)

[N] (12)
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FIGURE 1. Workflow for VPR gripper arm modeling.

φ φ φ φ φ

FIGURE 2. Comparison of simulated positions in the inverse dynamics scenario for analytical (An.) and multibody (Mb.) models
(units are [m] for xi, yi and [rad] for φi coordinates).

where mtot is the total mass of the mechanism and g is the gravity constant. Also, the initial cylinder extension Lcyl
is increased as compared to the inverse dynamics case and a rotational spring and damper is applied between bodies
3− 5. Numerical data (dimensions and masses) of the system is selected to correspond to the realistic parameters of
the reference machine.

SIMULATION RESULTS

The Cartesian coordinates of each body in planar motion under conditions specified in (11) and (12) are illustrated
in Fig. 2 and Fig. 3. For the inverse dynamics case only the positions are shown to verify that the models geometry,
constraint vector ΦΦΦ(q, t), and the Jacobian matrix ΦΦΦq are correct. For the forward dynamics, we plot only the resulting
accelerations, since the velocities and positions could easily be obtained by performing the time integration of the
acceleration signals. The results of the analytical modeling closely correspond to the simulation data generated in a
commercial modeling software. Oscillations of analytical positions and accelerations close to zero value are related to
the type of the solver used and its step size (Runge-Kutta solver, Δt = 1 ·10−3 s). It is expected that this discrepancy
would disappear if considerably smaller step size were applied in the analytical method.
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FIGURE 3. Comparison of simulated accelerations in the forward dynamics scenario for analytical (An.) and multibody (Mb.)
models (units are [m/s2] for ẍi, ÿi and [rad/s2] for φ̈i coordinates).

CONCLUSION

In this paper we present modeling and simulation of an offshore pipe handling machine using both the commercial
multibody software and analytical methods. Both inverse and forward dynamics scenarios are examined and simulation
results produced by these two different approaches are confirmed to be identical. The modeling approach aided by the
existing software seems to be more practical from the industrial perspective, since it allows rapid prototyping of
new designs, saves both time and engineering effort, and does not require expert knowledge to use it successfully.
However, more thorough analysis makes it possible to check if the modeling process based on commercial products
is executed correctly and to avoid (or at least identify) mistakes by benchmarking the simulation outcomes of both
modeling methods at the cost of rather complex and time-consuming analytical model derivation. Such comparative
analysis should be performed not only if simulation results do not appear to be realistic but also to double-check if the
design choices made based on the virtual model would be the same if another modeling strategy is employed, as for
complex systems an assessment of results feasibility is not always straightforward. Hence, it is recommended to use
an analytical modeling approach in these cases to be sufficiently conservative. Interestingly, the discrepancies between
the simulated and real results might not only be caused by human errors of design engineers. There are indications
that some commercially available multibody modeling software products do not handle sufficiently well determination
of reaction forces in joints of closed-loop mechanisms. Therefore, in the future it is advisable to investigate this and
compare reaction forces in joints for analytical and software-based models.
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