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Abstract

Currently, there is an increasing focus on the environmental impact and energy consumption of the oil and
gas industry. In offshore drilling equipment, electric motors tend to replace traditionally used hydraulic
motors, especially in rotational motion control applications. However, force densities available from linear
hydraulic actuators are still typically higher than those of electric actuators. Therefore, usually the
remaining source of hydraulic power is thereby the hydraulic cylinder. This paper presents a feasibility
study on the implementation of an electromechanical cylinder drivetrain on an offshore vertical pipe
handling machine. The scope of this paper is to investigate the feasibility of a commercial off-the-shelf
drivetrain. With a focus on the motion performance, numerical modeling and simulation are used when
sizing and selecting the components of the considered electromechanical cylinder drivetrain. The simulation
results are analyzed and discussed together with a literature study regarding advantages and disadvantages
of the proposed solution considering the design criteria of offshore drilling equipment. It is concluded that
the selected drivetrain can only satisfy the static motion requirements since the required transmitted power
is higher than the recommended permissible power of the transmission screw. Consequently, based on the
recommendation of the manufacturer, avoidance of overheating cannot be guaranteed for the drivetrain
combinations considered for the case study presented in this paper. Hence, to avoid overheating, the
average speed of the motion cycle must be decreased. Alternatively, external cooling or temperature

monitoring and control system that prevents overheating could be implemented.
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1 Introduction

Since the 1960’s, drilling for oil and gas production
(well construction) has been carried out in harsh off-
shore environments like the North Sea. More recently,
the drilling process has moved towards operation in ul-
tra deep-water (water depths beyond 1500m) and Arc-
tic areas. Clearly, this has required a significant devel-
opment of the offshore drilling equipment, especially
regarding monitoring and control systems and more

doi:10.4173/mic.2017.2.2

advanced heave compensating technology. Hence, de-
velopments in automation and safety of machine oper-
ation have contributed to increased usage of multidis-
ciplinary technologies. Therefore, design, production
and operation of a typical offshore drilling machine re-
quires synthesis of knowledge from various disciplines,
such as mechanical engineering, electrical engineering,
control theory, hydraulic actuation systems and many
more, in short — mechatronics. This is why an increas-
ing number of offshore drilling systems is considered to

(© 2017 Norwegian Society of Automatic Control


http://dx.doi.org/10.4173/mic.2017.2.2

Modeling, Identification and Control

be mechatronic systems and hence, they are referred in
this paper to as offshore mechatronic systems (OMS).

The hydraulic actuation systems (drives) used in
OMS consist of several hydraulic circuits supplied by
a hydraulic power unit (HPU). Hydraulic drives are
well known for their high reliability, robust safety fea-
tures, high power transmission, high load capabilities
and good overload protection. In Bak (2014) meth-
ods for modeling, parameter identification, design and
optimization of an offshore pipe deck (knuckle boom)
crane are presented, focusing on accommodating the
needs of the system designer. Figure 1 illustrates a
typical offshore drilling rig layout.

Heave compensation system

Top drive Derrick

Vertical pipehandler
machine

Horizontal-to-vertical
pipehandling machine

Fingerboard

Pipe deck crane

Pipe deck
wa f
OP

LY Line
A& Setback area
o, 70

Drawwork

Riser handling
crane

Figure 1: Typical drilling rig layout. Image courtesy of
Bak (2014).

Due to an increasing focus on the environmental
footprint and energy consumption, offshore oil and gas
industry is experiencing a shift in drive systems as
highly efficient electric drives tend to replace less ef-
ficient hydraulic drives. A review of drive systems en-
countered in offshore drilling applications is presented
by Pawlus et al. (2016a), specifically focusing on giv-
ing a comparison of hydraulic and electric rotary drive-
trains along with detailed explanations of their advan-
tages and drawbacks.

Currently, the shift from the traditionally used hy-
draulic motors to electric motors is observed in an in-
creasing number of applications, e.g. top-drive, draw-
work, and pipe handling machines. However, the
possibility of using both electrical motors and hy-
draulic cylinders on multi-functional machinery proves
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to combine some excellent characteristics from the two
branches of actuation technology. To fully benefit from
such a hybrid drive solution, there is a need for linear
drives capable of operating free of a central HPU, i.e.
self-contained with power supplied via electrical wiring.

In other industries, hydraulic cylinders are suc-
cessfully replaced by self-contained electromechanical
cylinder (EMC) drivetrains which increase energy-
efficiency and motion accuracy in some applications.
The modular self-contained design offers advantages
such as plug and play installation and low maintenance.
In many industries, disadvantages like increased wear,
inadequate overload protection, and decreased load ca-
pabilities are accepted. There is, however, insufficient
research conducted that compares the electrohydraulic
cylinder with valve control (EHC) against the EMC
drivetrain for the design criteria which characterize
OMS.

A literature survey on this topic shows that there is
little available scientific research comparing EMC driv-
etrains and EHC systems for the harsh environment
and load spectra of OMS. Furthermore, the closest re-
search topics found in literature come from the air-
craft and aerospace industries. Since the late 1970’s,
several research and development projects, with such
topics as e.g. More Electric Aircraft and Power-by-
Wire-Technology, consider future technology for air-
craft flight control systems, aiming to reduce the over-
all system weight, as well as installation and mainte-
nance effort, according to Frischemeier (1997). Thus,
research on replacing traditional EHC systems with
EMCs in aircraft flight control and aerospace systems
is well documented in literature.

Comparative analysis of different types of mechan-
ical screw transmissions (ball-screw and roller screw)
and their design regarding reliability (fail safe modes)
is presented by Bodden et al. (2007) and Garcia et al.
(2008). To diagnose the condition of an EMC driv-
etrain, Balaban et al. (2009) demonstrate diagnos-
tic algorithms for aerospace systems. In Narasimhan
et al. (2010), an approach that combines the analytical
model-based and feature-driven diagnosis approaches
for the detection and isolation of single faults is pre-
sented.

In addition, a significant number of web articles that
compare EMC drivetrains with EHC systems regard-
ing pros and cons can be found on the Internet — a few
representative topics are Hydraulic vs. Electromechan-
ical Actuators and Choosing Between FElectromechan-
ical and Fluid Power Linear Actuators in Industrial
Systems Design.

More comprehensive literature discussing the screw
transmission itself is also of relevance to this study. A
dynamic load test using large load, high bandwidth,
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hydraulic actuation to generate load profiles under
force control is demonstrated in Schinstock and Haskew
(1996). In Lemor (1996), the efficiency of a screw trans-
mission and the means to improve it and maintain it
for the life of the component are discussed and differ-
ent modes of failure and their most common order of
appearance, cases of failures and analysis of those fail-
ures are presented. The capabilities and limitations of
a roller screw with emphasis on slip tendency is pre-
sented in Hojjat and Mahdi Agheli (2009).

Through the above brief survey it is indicated that
design and operation of EMC drivetrains for offshore
drilling applications are relatively new and yet undis-
covered research directions. Therefore, this paper
presents a feasibility study of the implementation of
an EMC drivetrain in a case study of an offshore ver-
tical pipe handling machine. The scope of this paper
is to size and select a commercial off-the-shelf EMC
drivetrain from a manufacturer catalog and model the
selected drive components based on the information
available in a data sheet. State-of-the-art hydraulic
actuation systems for offshore drilling applications to-
gether with the design criteria and challenges of off-
shore equipment systems are introduced in Section 2.
A modeling and simulation case study is presented in
Section 3. Section 4 describes the main components
of an EMC drivetrain, sizing principles, and how the
EMC drivetrain is modeled. The simulation results are
presented in Section 5. Firstly, the system loads and
motion cycle of the case study are analyzed to dimen-
sion the EMC drivetrain components. Secondly, the
component combinations when considering both tech-
nical and economic factors based on the sizing princi-
ples are selected, and the prescribed motion cycle is
simulated. Finally, in Section 6, the simulation results
are analyzed, and the motion performance is discussed
together with a literature study regarding reliability,
safety, and durability of an EMC drivetrain, especially
focusing on the design criteria of offshore drilling equip-
ment. The last section contains the conclusion.

2 Actuation of Offshore
Mechatronic Systems

Modern offshore drilling equipment systems are con-
sidered fully mechatronic systems, and state-of-the-
art offshore drilling rigs are often referred to as cy-
ber drilling rigs. OMS include a broad range of highly
specialized machines that are used to perform different
operations. Beside subsea and pressure control equip-
ment — e.g the BOP (blowout preventer) — the remain-
ing equipment is referred to as topside equipment. A
typical drilling rig layout is illustrated in Figure 1. The

scope of this paper is to investigate the motion per-
formance of an EMC drivetrain in order to verify if
commercial off-the-shelf drives are viable alternative
to traditional hydraulic linear drives in OMS.

2.1 Hydraulic Actuation Systems

Normally, the hydraulic actuation system used in OMS
consists of several hydraulic circuits supplied by a hy-
draulic power unit (HPU) with constant supply and
return pressures. Together with the control system,
the circuits of the actuation system make up a num-
ber of motion control sub-systems, each controlling one
degree of freedom (DOF). Figure 2 illustrates a simpli-
fied schematics of a typical EHC motion control sub-
system often used in OMS. It consists of a hydraulic
cylinder with integrated position sensor, counterbal-
ance valve and a directional control valve as the main
components of the EHC system. The linear motion
is controlled with the directional control valve which
controls the flow into either of the two cylinder cham-
bers. When the EHC is exposed to negative loads,
i.e. piston velocity and load have the same direction,
the outlet pressure of the cylinder also needs to be
controlled. This is usually handled by the counterbal-
ance valve, which provides a relief valve functionality
on the outlet side of the cylinder assisted by the pres-
sure on the inlet side. Depending on the application,
negative loads can occur in both directions of motion.
In these cases, a counterbalance valve is required on
both the piston side and the rod side of the cylinder.
Counterbalance valves exist in different variations, e.g.
externally vented, non-vented and relief compensated,
depending on the various applications they are used
for (Bak, 2014). The counterbalance valve serves mul-
tiple purposes such as (Serensen, 2016):

e leak tight load holding

e load holding in case of hose failure

e overload protection

e shock absorption

e cavitation prevention at load lowering

e no drop before lift.

In a hydraulic system where the HPU powers more
than one hydraulic actuator, most often a pressure
compensated directional control valve with electrohy-
draulic actuation is used. Such a valve gives a load in-
dependent flow control which reduces the requirements
for the control system. Also, closed loop spool position
control is often used in applications where high position
and velocity accuracy are necessary.
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A typical EHC motion control strategy relies on pos-
ition feedback from an individual DOF and typically
consists of the following elements:

e human-machine interface (HMI)
e set point generator (SPG)

e feedforward controller (FFC)

e feedback controller (FBC).

Apart from the cranes, most of the equipment shown
in Figure 1 is operated from operator stations (drilling
chairs) located in the drilling control room with a
direct view of the equipment located on the drill
floor. Besides monitors, push buttons and switches,
the operator stations contain two joysticks which the
operator uses to generate command signals for the
control system. Joystick signals are fed to the SPG
where they may be treated in different ways depend-
ing on the selected control mode. In open loop control
mode, the joystick signal u ;g is fed directly to the di-
rectional control valve as a feedforward signal (Bak and
Hansen, 2013) - see Figure 2.

HMI

L

Figure 2: EHC motion control sub-system.
courtesy of Bak and Hansen (2013).

Image

In closed loop control mode, joystick signals are
transformed into velocity and position references for
the EHC motions. The latter is used for path control
of the tool point, e.g. on a crane where often sev-
eral DOFs are controlled in a coordinated manner.
The FFC is a scaling of the velocity reference vy,
and the FBC is usually a PI controller which compen-
sates for disturbances and accumulated position errors
€ = Yrer — Y. The control system usually also contains
an element that compensates for the deadband of the
directional control valve. The system architecture, as
shown in Figure 2, is a popular structure because of its
simple and, consequently, robust design. Furthermore,
the controllers are relatively easy to tune because of
the load-independent flow control (Bak, 2014).
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2.2 Electrification of Powertrains of OMS

Due to an increasing focus on the environmental im-
pact and reducing the energy consumption, alternating
current (AC) motor drives tend to replace hydraulic
motors, resulting in advantages such as increased accu-
racy and energy efficiency, reduced maintenance, and
elimination of fluid spills, according to Pawlus et al.
(2016a).

However, because of the traditional prevalence of hy-
draulic drives over electric actuators in translational
motion control applications (mainly related to higher
force densities available from the former solution),
the remaining hydraulic drives on majority of offshore
drilling equipment are thereby the hydraulic cylin-
ders (Pawlus et al., 2016a). On the other hand, rota-
tional motion control applications are being gradually
dominated by electric motor drives, as illustrated by
numerous examples from marine, and oil and gas indus-
tries. Obviously, the latter solution is not free of draw-
backs. Some of the most typical problems associated
with AC motor drives (apart from lower force/torque
density) are: the need to use fail-safe brakes (to hold
the load when the electrical power is lost), hazardous
operation at high load and low speeds (due to reduced
cooling capacity and risk of stall conditions), as well
as the demand to invest in additional components that
would decrease the harmonics or provide for extra cool-
ing (Pawlus, 2016).

More specifically, the shipping sector has developed
an interest in using variable speed AC drives for ship
propulsion applications (Sakuraba et al., 1992). Simi-
larly, all-electric vessels and dynamic positioning (DP)
systems are the concepts that contribute to an in-
creased popularity of electric motors due to the low-
ered energy consumption, smooth and silent operation,
as well as improved controllability properties that they
offer compared to traditional hydraulic systems (Ya-
dav et al., 2014). Also, the percentage share of elec-
tric actuation systems in oil and gas production units
constantly increases, according to Rahimi et al. (2011)
and Gallant and Andrews (2006).

Recently, the company Robotic Drilling Systems AS
successfully tested their robotic pipe handler. This ma-
chine is all-electric and offers features such as handling
of pipes from horizontal to vertical position and spin-
ning capability (Austigard, 2016). Furthermore, the
machine is self-contained (with integrated hardware
control) and offers advantages of being easy to install
and automatic exchange of grippers, e.g. for large cas-
ing sizes. In addition, a fully electric roughneck and
a drill floor robot is in their portfolio. Common for
these three machines is that they have entirely aban-
doned the use of linear drives for motion.

Due to self-contained systems being increasingly
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more available, the current benefit of a central HPU
will become less attractive in the future. For the off-
shore industry to follow this trend and still integrate
translational motion control in the OMS, there is a
need to look at alternative linear drive solutions to the
existing hydraulic systems. This is also motivated by
the fact that an increasing number of attempts is re-
ported in various industries to replace hydraulic linear
drives with all-electric substitutes, as mentioned by Is-
ermann et al. (2002) or Holm et al. (2013). In particu-
lar, permanent magnet linear actuators are promising
due to the higher force levels they offer, especially when
they are combined with additional solutions to increase
the provided force even further, such as a double gas
spring described by Ummaneni et al. (2007).

2.3 Design Criteria and Challenges

OMS are characterized by a high price, high level of
system complexity and low production numbers, ac-
cording to Bak (2014). Furthermore, in the offshore
industry, there are very limited opportunities to build
prototypes for verification of the design. Consequently,
this requires a significant level of skill and experience to
develop and design such systems. Also, due to market
competition from conventional low-cost solutions, the
focus on manufacturing and development costs is con-
stantly increasing. Hence, the system designers contin-
uously have to improve their design procedures regard-
ing sizing and selection of technical solutions, compo-
nents, and materials to obtain the best possible trade-
off between a wide range of design criteria in an efficient
way. Due to the remote location of the drilling plat-
form and high cost of production downtime, reliability
and productivity become the most critical performance
requirements.

Apart from such obvious design criteria for OMS as
displacement, speed and power requirements dictated
by the considered application, there are also other chal-
lenges exclusively associated with the electrical actua-
tion systems of OMS, according to Pawlus (2016). One
of them is to apply harmonics mitigation measures in
electric motor drives to prevent voltage notches and
overvoltage ringing that can damage the installation
and cause threat to personnel offshore (Hoevenaars
et al., 2013). In addition, vibration and fatigue dam-
age pose a serious danger to rotating components (e.g.
bearings) of any drivetrain. Therefore, the techniques
which help to monitor the condition of these elements
are becoming increasingly popular, not only in offshore
drilling industry (Kandukuri et al., 2016). According
to Pawlus et al. (2016Db), a solution to lower the associ-
ated fatigue and vibration damage is to use smoother
motion profiles which are tailor-made for a given ap-
plication (Pawlus et al., 2016D).

Likewise, selection of the appropriate electric motor
type, i.e. induction or permanent magnet, is also con-
sidered to be a challenge (Couper et al., 2012). In gen-
eral, simplicity, robust construction, and relative ease
of certification for safe operation in explosive atmo-
spheres (European Commission, 2014) make induction
motors exceptionally popular on offshore drilling rigs.
However, according to Neleman (2009), the number
of Ex certified permanent magnet synchronous motors
(PMSMs) is increasing. The use of synchronous ma-
chines is mainly motivated by their higher efficiencies
and higher torque densities as compared to induction
motors, which opens a possibility to reduce the size of
the gearbox or even apply a direct drive solution.

Similarly, optimal design of electric powertrains and
reduction of unnecessary conservatism when sizing the
components is a topic which has proven to generate sig-
nificant cost- and time-savings in the product develop-
ment process (Pawlus et al.; 2015). When applying the
optimal design techniques, not only the dimensioning
process itself is improved but also the operating point
of the resulting drivetrain can be moved closer to the
constraints allowing to utilize the power available from
the energy source more efficiently. A complementary
approach to designing tailor-made actuation systems
is presented in Pawlus et al. (2016¢) and is based on
thermal modeling of electric actuation systems to avoid
using rules of thumb concerning the allowable overloads
of EMC drivetrains.

Finally, factors such as safety and environment, cost,
maintenance, operation in sensitive regions, potential
of automation, and applicability to subsea infrastruc-
ture should all affect selection of the most suitable com-
ponents of actuation systems of OMS — refer to Pawlus
et al. (2016a) and the references therein for a more
detailed discussion on the above topics.

2.4 Summary

Although the hydraulic actuation systems have estab-
lished a good track record in the offshore drilling indu-
stry (especially when translational motion control is
considered), there is observed a growing number of
examples where electric motor drives become a tough
competitor to this traditional solution. Although there
are many case studies in the literature devoted to the
superiority of variable speed AC motor drives over hy-
draulic powertrains in rotational motion control, the
research related to the feasibility studies of linear elec-
tric actuators in offshore drilling applications is still
limited. Hence, this paper presents an analysis of prac-
ticability of the implementation of an EMC drivetrain
in an offshore pipe handling machine.
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3 Considered System — Vertical
Pipe Handling Machine

The SmartRacker (SR) of Cameron Drilling Systems is
used in this paper as a case study for analyzing the fea-
sibility of implementing an EMC drivetrain. The SR
is a column type multipurpose pipe (drill-pipe, drill-
collar and casing) handling machine that combines the
functionality of several traditional pipe handling ma-
chines in one machine.

Upper beam

Upper trolley

Gripper arm
hoisting winch

Upper guide arm

Gripper arm

Column

Lower guide arm

Lower trolley

Lower rail

Figure 3: Illustration of the SmartRacker - courtesy of
Cameron Sense AS.

The SR can perform the following tasks:

e move stands (two or more joints of pipe connected)
between well center and fingerboard
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e building of stands for storage inside the finger-
board while drilling

e handling of a single pipe from horizontal to vertical
position and vice versa

e lifting operation on drill floor, i.e. the gripper arm
can be used as a crane.

As illustrated in Figure 3, the column is supported
at the upper beam and lower rail by a track and a rack
and pinion system. The lower rail is mounted directly
on the drill floor, whereas the upper beam is connected
to the structure of the derrick, as shown in Figure 1.
In both ends of the column there are located AC motor
actuated trolleys that allow for horizontal movement of
the machine along the tracks.

The column includes upper and lower guide arms —
they are designed to guide the stand, i.e. guide the
top and bottom of the pipe being in motion. The arm
located in the middle is the gripper arm, responsible
for holding the pipe in a secure grip. The AC mo-
tor actuated winch located on top of the column is
used to hoist or lower the gripper arm. All arms are
equipped with an EHC which allows for the extension
and retraction in order to position a stand in the fin-
ger board or well center. The AC slew motors located
on the lower trolley make it possible for the whole ma-
chine to rotate about its vertical axis. A comprehensive
study on the hoisting winch similar to the gripper arm
hoisting winch of the SR is presented in the work done
by Pawlus (2016).

In this work, the gripper arm, presented in Figure 4,
of the vertical pipe handling machine (Figure 3) is used
as a modeling and simulation case study. It is cho-
sen due to the potential to replace the hydraulic linear
drive by a more accurate, efficient and environmentally
friendly solution.

3.1 Kinematic Structure

The gripper arm is modeled as a planar multibody sys-
tem using governing equations based on (Nikravesh,
1988) and (Nikravesh, 2008). In total, the model con-
sists of 10 rigid bodies, including the hydraulic lifting
cylinder and the pipe (load) connected to the gripper
head, as illustrated in Figures 4 and 5. Body 7 includes
both the gripper head and the rod of the hydraulic soft
stabbing cylinder. The 10 bodies are interconnected by
13 kinematic joints as described in Table 1.

The three body coordinates (xy, yp, ¢p) are the co-
ordinates of the local reference plane attached to the
mass center of the bodies, while the origin of the global
reference plane is defined on the drill floor - see Fig-
ure 5.
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Figure 4: SmartRacker® gripper arm - courtesy of
Cameron Sense AS.
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Figure 5: Gripper arm in fully extended position -
courtesy of Cameron Sense AS.

Table 1: Kinematic constraints

Constraint  Description
01 Translational joint, column - body 1
02 Fixed constraint, column - body 2
A Revolute joint, body 1 - 3
B Revolute joint, body 3 - 6
C Revolute joint, body 6 - 4
D Revolute joint, body 4 - 1
E Revolute joint, body 4 - 5
F Revolute joint, body 5 - 2
G Revolute joint, body 2 - 8
H Revolute joint, body 1 -9
1 Translational joint, body 8 - 9
J Fixed constraint, body 6 - 7
K Fixed constraint, body 7 - 10

3.2 Inverse Dynamics

To investigate the force that has to be delivered by
the lifting cylinder, and the reaction force arising, the
following inverse dynamic analysis is performed. A
motion cycle logged from an offshore oil rig in opera-
tion is assumed to be an input function to the long-
itudinal driver constraint representing the hydraulic
lifting cylinder.

The equations of motion for a planar system consist-
ing of b bodies containing m = 3b coordinates intercon-
nected by kinematic joints can be written as:

Mg = g“" +g° (1)

where M is the 30 x 30 mass/inertia matrix:

mi 0 0 0 0 0 0
0 my 0 0 0 0 0
0 0 g, 0 0 0 0
M=1¢o 0o o o o ol @
0 0 0 0 mpo 0 0
0 0 0 0 0 mp O
0 0 0 0 0 0 Jyg

and g is the 30 x 1 vector containing the acceleration
of the m coordinates. The external forces g¢** are the
30 x 1 vector containing the gravity forces acting on
the bodies, and g is the 30 x 1 vector containing the
reaction forces in the constraints. The b bodies in the
system must satisfy the equations of motion, but at the
same time they must also satisfy a set of m = 3-10 = 30
independent constraint equations:

‘PZQXl(q)

e a,t) = Lﬁd(q) - f(t)} =0

3)
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The position constraint in the form of Equation 3
is a 30 x 1 vector containing the kinematic constraints
®(q), as described in Table 1, and the one-DOF long-
itudinal driver constraint ®9(q,¢) that produce a dis-
placement between body 8 and 9. The motion cycle
obtained from the rig is mimicked by the longitudinal
driver function represented by f(t). For position ana-
lysis, the constraint vector in Equation 3 is solved nu-
merically using the Newton-Raphson method.

The velocity and acceleration constraints are defined
in the following equations:

Dq

w0 O

.

. D4 + D¢

3% (q, 1) = U =0 5
(@) @44+ D — f(t) )

where D and D‘% make up the 30 x 30 Jacobian matrix

®,. The terms D¢ and D?q are referred to as the right

hand side of the kinematic acceleration equations, and

are represented as:

v=-Dq (6)

d

7%= -D%. (7)

From Equations 4 and 5, the velocity and accelera-
tion can be found by solving the following expressions:

(8)

.. -1 Y
q=® [ : } . 9

The sum of reaction forces in the constraints can be
expressed by the following equation:

gi=aIx (10)
where <I’qT is the transpose of the Jacobian matrix and
it is nonsingular as the constraint equations are linearly
independent, and A is a vector containing Lagrange
multipliers that are the coefficients in the linear com-
bination. Finally, Equations 1 and 10 are rearranged
in order to solve for A:

A= (2q)7 (Mg —g*"). (11)
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3.3 Forward Dynamics

Unlike the inverse dynamic analysis where the pre-
scribed motion of the driving coordinates determines
the motion of the system, in forward dynamic ana-
lysis it is the applied forces and moments that are used
to determine the motion (Nikravesh, 2008). Conse-
quently, the longitudinal driver constraint is removed,
resulting in a 29 x 30 Jacobian matrix ®4.

The system of constrained bodies can be solved by
the following expression:

61 B M _(I)E -1 gemt
Al [®q O v |
To introduce displacement in the lifting cylinder, the
output of the EMC drivetrain, presented in Section 4.3,

is connected as an external force Fgare to bodies 8 and
9, as expressed in the following equation:

(12)

Fi. 0
Fl,y —mig
M1,¢ O
Fyo 0
F; —mgqg — F
gea:t _ Mssfz; _ 89 0 EMC (13)
Fg,x 0
Fyy —mog + FEmc
My 4 0
Fioa 0
Fioy —mi0g
[ Miogs] | 0 i

In the forward dynamic analysis, the equations of
motion expressed in Equation 12 are second-order dif-
ferential equations and they are solved numerically.

4 Electromechanical Cylinder
Drivetrain

The EMC drivetrain is a modular linear drive pow-
ered by a drive unit, including a servo motor and con-
verter. A transmission system, including a transmis-
sion screw and transmission elements e.g. gearbox (op-
tional), timing-belt side drive or flange and coupling
converts the rotary motion to translation - see Figure
15. The main components of an EMC drivetrain are
illustrated in Figure 6.

To better describe the properties of an EMC drive-
train, the heavy-duty (EMC-HD) version produced
by Bosch Rexroth (2015) is chosen as an exemplary
drive. Due to its specific characteristics, the EMC-HD
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offers advantages in terms of accuracy, dynamics and
controllability, and is developed for use in heavy load
applications. An overview of its key technical data is
presented below according to Bosch Rexroth (2015):

e basic dynamic load rating: 50 to 470 kN

e axial force: up to 290 kN (tension/compression)
e maximum traversing speed: 1

e stroke: up to 1 700 mm

e protection class: IP65.

Transmission system Drive unit
{ Transmission §_; Transmission Servo
i Sorew i—l clements motor;'_' Converter
b}

Figure 6: Bosch Rexroth EMC-HD drivetrain with mo-
tor attachment via timing belt side drive.
Image courtesy of Bosch Rexroth (2015).

The design is completely modular with an integrated
planetary roller screw (PRS) or recirculation ball screw
transmission. According to Bosch Rexroth (2015), the
EMC-HD is designed for cost-efficient work, even un-
der tough conditions and is suited for bending, lifting,
pressing and transporting applications.

Hence, the EMC-HD from Bosch Rexroth (2015) is
considered as one of the commercial off-the-shelf EMC
drivetrain which closely matches the power (static and
dynamic force) and motion performance (displacement
length and speed) demand of the case study.

4.1 Transmission Screw

A transmission screw is a widely used mechanism to
convert the rotational motion into the translational
one. To increase the accuracy of the transmission
screw, it is preferred to omit the sliding between the
screw shaft and nut. Therefore, transmission screws
with rolling elements such as ball screw and roller screw
are introduced (Hojjat and Mahdi Agheli, 2009).

In comparison to the hydraulic cylinder, the preci-
sion of ball screw and roller screw is high because the

phenomenon of stick-slip is eliminated due to the ab-
sence of sliding. One of the areas where friction in
hydraulic cylinders represents a constant challenge is
in OMS, according to Ottestad et al. (2012). Also,
in comparison to the traditional lead screw, the back-
lash phenomenon can be eliminated by preloading the
nut, which lowers the axial deflection and increases
the stiffness, according to Hojjat and Mahdi Agheli
(2009). Due to the increased diameter and the number
of contact surfaces, the roller screw, according to Schin-
stock and Haskew (1996), is well suited for applications
where the loads are large and have a significant shock
load content compared to the ball screw.

The roller screw exists in three different designs:
planetary, differential planetary and recirculating roller
screw. All three designs include the following three ele-
ments, as shown in Figure 7: a threaded screw shaft,
a threaded or grooved nut and a set of threaded or
grooved rollers which engage with both the shaft and
the nut (Lemor, 1996).

Screw shaft

Planetary rollers

Timing ring

Figure 7: Planetary roller screw (PRS) main compo-
nents. Image courtesy of Parker (2013).

In most EMC drivetrains, the PRS design is used,
according to Lemor (1996). The reason for this is an
inherent capacity of PRS to withstand very high ac-
celerations and speeds and its ability to handle heavy
loads for a long time. This capability places the PRS
between large ball screws and hydraulic cylinders. Ac-
cording to Lemor (1996), PRS compares favorably over
ball screws and hydraulic cylinders because its resis-
tance to adverse environment is higher than that of
ball screws and the EMC drivetrains is not prone to
fluid spills.

4.2 Sizing Principles

To make sure that the EMC drivetrain can deliver suffi-
cient performance when considering both technical and
economical factors, the selection of the EMC drivetrain
components has to be made early in the design phase
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of the complete machine. Also, when sizing the EMC
drivetrain, it is important to define the system require-
ments regarding load, speed, and acceleration of the
complete motion cycle. According to Bosch Rexroth
(2015), the key parameters that have decisive influence
on the final solution are:

1. Load: process forces, masses, duty cycle, service
life requirements.

2. Dynamics: acceleration, linear speed, cycle time.

3. Geometry: work space, installation space, stroke
length, interference elements.

4. Environmental and installation conditions:
mounting orientation, degrees of freedom, tem-
perature, humidity, contamination, vibration and
shocks.

According to Bosch Rexroth (2015), the type of
screw transmission, lead, gear reductions and drive
unit can be selected such that the requirements are
met precisely and efficiently by stating the accelera-
tion and linear speeds as accurately as possible. A re-
liable EMC drivetrain solution can be found when the
loads are known as accurately as possible. The average
load F,, over the entire cycle can be determined when
knowing all occurring forces in the application over the
entire stroke length.

The average load forms the basis for the nominal life
calculation of the EMC drivetrain. When the EMC
drivetrain configuration is selected, the dynamic load
capacity C can be found in the catalog (Bosch Rexroth,
2015) and the nominal life in number of revolutions and
hours can be calculated from the following equations:

c\?
Ly = (F) 108 [revolutions] (14)
L
Lion = =2 [hours) (15)
Vm
Ny, = rpm 16
22 frpm (16)

where v,, is the average linear speed and Ppprg is the
lead (linear movement due to screw) of the PRS.
Considering the power losses, a permissible mechani-
cal drive power is stated in the catalog (Bosch Rexroth,
2015) for each transmission system combination at an
ambient temperature of 25°C' and even distribution of
the load over the stroke length. To avoid overheat-
ing of the transmission system, the required power of
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the application P,y,, should not exceed the permissible
transmitted power.

When pre-selecting the servo motor, the follow-
ing three conditions can be used, according to Bosch
Rexroth (2015):

1. The rated speed of the motor must be the same as
or higher than the speed required for transmission
system (but not exceeding the maximum permis-
sible value):

wm7maa: Z Wts (17)
where
Uref27rigear
, = ——————— 18
s Pprs (18)

2. To achieve high level of control performance, the
ratio of mass moments of inertia of the transmis-
sion system .J;s and the servo motor should for
handling applications satisfy:

Jts
—= _ <6.0
Jm + Jb'r‘ a

where J,, and Jp,- are the mass moments of inertia
of the servo motor and the motor brake.

3. The ratio of static load moment T4 to the con-
tinuous torque of the servo motor Ty must be less
than or equal to the empirical value of 0.6:

TS a
T, = =29 < 0.6 (20)
0
where
Tstat = Tf,emc + ng + Teq (21)

and T},4 is the vertical weight moment of the load,
T, is the equivalent dynamic torque, as expressed
in the following equations:

F,.P
Tpg = Zmg” PRS (22)
2Tl gearn
F,, P,
Ty = 72"{ PRS (23)
TlgearT]

where F},4 is the load of the moving masses and n
is the mechanical efficiency of the EMC drivetrain.

4.3 Modeling of EMC Drivetrain

In the model of the EMC drivetrain, as illustrated in
Figure 8, a converter powers and controls the servo
motor. The servo motor is connected to the transmis-
sion system, including the PRS and a gearbox - see
Figure 9. The bodies and masses of the transmission
system are included in the multibody system, as de-
scribed in Section 3.
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Converter | | Servo motor | | Transmission system MBS
Speed . i : Gripper :
i controller I PMSM gGearbox H PRS H arlnll)

Figure 8: EMC drivetrain model connected to the me-
chanical system.

4.3.1 Servo Motor

According to the catalog (Bosch Rexroth, 2015), the
motor that actuates the EMC-HD is a PMSM. In this
paper, the PMSM is modeled in the rotating dg-frame,
according to Pillay and Krishnan (1989). The stator
input voltages to the model usq and u,, are obtained
in the dg-frame from the three-phase stator voltages
Usa, Ush, Use (and vice versa) through the Park trans-
formation P (and inverse transformation P~1), defined
as (Pillay and Krishnan, 1989):

Usd Usa
Usq | = P Ush (24)
() Use
where
cos(—0,) cos(—0. + &) cos(—0, — 2F)
21 . . N ™
P= 3 sin(—6.) sin(—0, + %) sin(—6, — %) (25)

1

1 1
2 2 2
and the transformation angle 6, is the electric position

representing the angle of the rotating reference frame.
The dg-frame is linked to the rotor and is defined as:

0, = P,0, (26)

where P, is the number of pole pairs. It is related to

the rotor speed w,,, as:

df.  _ db,

dt Pt
The considered PMSM is modeled using the follow-

ing state-space equations (Pillay and Krishnan, 1989):

We = = Pywm. (27)

?’sd Z'Sd Usd
lsq | = A |isq | + B |ug (28)
Wm Wm 17,
T x u

7;sd isd

isq | = C |isq (29)

Wm Wm

—_—— —_——
y x

where:

-& Pw, 0
P, ¥ Bim
0 %Jfot J{ot
£ 0 0
B=|0 1 0 (31)
00 57
100
C=10 10 (32)
00 1

It is clear that the PMSM model is nonlinear as it
contains product terms such as speed w,, and stator
currents 59 and isq (Pillay and Krishnan, 1989).

Values of stator resistance R, stator inductance L
and the torque constant k; are obtained from the cata-
log (Bosch Rexroth, 2006). The flux linkage ¥ is then
obtained from the following equation (Pillay and Kr-
ishnan, 1989):

2 ky

¥ = 35, (33)
The combined mass moment of inertia Jy,; and the
combined friction moment T ¢ of the PMSM and
the transmission system (PRS and gearbox) reduced
with reference to the motor shaft are obtained from the
EMC-HD catalog (Bosch Rexroth, 2015). The friction

torque is assumed to be the linear viscous friction:

Tfm = Bfmwm (34)
where
Tf emc

By = ———. 35
! Wm,max ( )

The electromagnetic torque is:

3 .
T, = §Pp\Ilzsq (36)

and the equation of motion of the rotor shaft then be-
comes:

T. = Tt + Bimwm + Jrotom (37)
—_— ——
Tan Ta

where T, is the effective torque on the transmission
system and Ty, is the acceleration torque - see Figure 9.
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4.3.2 Transmission System

The transmission system is driven by the electromag-
netic torque. Based on Equation 37, the effective
torque exerted on the servo motor is determined as:

Ty =T, — Tpm —Th. (38)

The transmission screw (PRS) transfers the rota-
tional power into the translational form through:

2

e 39
Pprs (39)

kemc =

where ke is the drive ratio and Ppgrg is the lead of
the PRS.

Servo motor

PMSM |
T
o N
~ A char’—’ ke7nc§—>§nemc 1—> MBS
T .
. ° W a Gripper
Bf7n Jtot ‘—‘dear<—‘ kemc Ere am
W ‘ VEMC ‘

Figure 9: Transmission model sub-system.

Considering the direction dependent efficiency 7,
which represents the efficiency of the EMC drivetrain,
the torque balance at the PRS can be derived as (Fu
et al., 2015):

Frye = mog + Foy (40)

where mg is the moving mass of the transmission sys-
tem (PRS nut and cylinder rod), g is the gravity, Fy,
is the external forces connected to the cylinder rod and
Frae is the PRS input force connected to the gripper
arm multibody system, as expressed in Equation 13,
which can be written as:

Feyue = TLigearkemcn (41)

where 7g4¢q, is the gearbox ratio.

4.4 Motion Control

The synchronous frame-based field-oriented control is
considered to be one of the most popular methods for
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controlling PMSMs (Wang et al., 2016). As shown in
Equation 36, the electromagnetic torque of PMSM can
be adjusted by exclusively controlling the current i,,.
Therefore, the reference value of 754 rc¢ is normally set
to 0 A. Then, the reference stator currents isq .y and
isd,ref are converted to the three-phase currents and
compared with the measured actual motor currents
isa, tsb, and s in the inverter/pulse width modula-
tion (PWM) section of the torque control circuit. The
torque control can be extended to the speed control
by adding an external control loop. The considered
speed control strategy of the PMSM is illustrated in
Figure 10. In the current work, a simple PI controller
is used to adjust the motor speed to a desired value.

sd,ref Usq

&'—»

lsa,ref

; dq — abe |, Inverter Servo motor
isqref e R —— )
Speed P ' i PMSM
controller [ lseyref Usc B
pre— pr—t
Tsd
dq — abe | .
s lsq
0.

Figure 10: Field-oriented control of PMSM.

5 Simulation Results

In this paper, the vertical pipe handling machine grip-
per arm, see Figure 3, is used as a modeling and sim-
ulation case study. The gripper arm, including the hy-
draulic lifting cylinder and load (pipe), is numerically
modeled and simulated. The kinematic response (pos-
ition and velocity) of the model is compared against
the hydraulically actuated gripper arm motion (exten-
sion and retraction of the lifting cylinder) of a full-scale
vertical pipe handling machine logged during its oper-
ation on an offshore oil rig. In addition, the dynamic
behavior of the model is investigated as well to deter-
mine the force/torque levels that have to be provided
by the designed EMC drivetrain.

5.1 Inverse Dynamic Analysis

To determine the force that has to be delivered by
the EMC drivetrain, the inverse dynamic analysis of
the gripper arm is performed. The prescribed motion
of the driving coordinates determines the motion of
the system. This prescribed motion, i.e. position, vel-
ocity and acceleration profiles, is implemented in the
longitudinal driver constraint function to represent the
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motion cycle of the hydraulic lifting cylinder, as de-
scribed in Section 3.

The velocity input v..y shown in Figure 11 repre-
sents the controller input signal used in the real-world
machine.

0.15

7Uref

0.1

0.05

-0.05

Linear speed [m/s]
o

-0.1

015 ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60
t[s]

Figure 11: EMC drivetrain speed.

To verify the kinematics of the multibody system
model, the horizontal reach position (z-direction) of
the gripper head (body 7) and the displacement of the
longitudinal driver are compared against the logged
position of the gripper head reference point and cylin-
der displacement - see Figure 12 and 13.

4 T
Real
— — Inverse
3r —-—-Forward | |
£
g 2r
&
Q
~
1
0 . . . . . .
0 10 20 30 40 50 60

t [s]
Figure 12: Gripper arm reach position.

The results show that the modeled reach position
closely resembles the position of the full-scale reference
machine.

The average speed over the entire cycle is found to
be v, sim = 0.0511 % by integrating the absolute ve-
locities:

t=65s
U, sim, = / |vm (1) dt. (42)
t=0s

The average load over the entire cycle is found to be
Fr sim = 25.845 EN by integrating the absolute forces:

2
H 157 \
.
=
2
§ 1r 1
Q
&
o
4
Q05+ —Real |
— — Inverse
—-—- Forward
0 | | | | | |
0 10 20 30 40 50 60

t [s]

Figure 13: Lifting cylinder displacement.

t=65s
Fon sim = / |E (t)] d. (43)
t=0s

The resulting reaction force in the y-direction of the
longitudinal driver constraint is derived from Equa-
tion 10 and shown in Figure 14.

100
—— Forward
50 —-—-Inverse | |
\ |
=
e -50 b
-100 b
150 | | | | | |
0 10 20 30 40 50 60

Figure 14: Lifting cylinder axial force.

The magnitude of the largest force produced by
the longitudinal driver is read from Figure 14 to be
Frar = 100.8 KN at 59.7s.

From the simulated average speed and load value
from Equations 42 and 43:

Papp,sim = vm,simFm,sim (44)

the required amount of power is calculated to be
Popp,sim = 1319.6 W.

5.2 EMC Drivetrain Components Selection

For stroke lengths greater than 1.5m, the PRS is the
only available screw transmission in the EMC-HD se-
ries from Bosch Rexroth (2015). The relevant catalog
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Table 2: EMC-HD-180 transmission system catalog data (Bosch Rexroth, 2015).

NO~ PPRS [m] Z’gear Fmaz [kN] Tp [Nm] n Tf,emc [Nm] Umaz [%] Amaz [;%]
1 0.01 1 250.0 497.4 0.80 17.0 0.33 30
2 0.01 3 250.0 174.5 0.76 19.7 0.19 30
3 0.01 ) 250.0 104.7 0.76 12.4 0.12 30
4 0.01 7 250.0 74.8 0.76 9.2 0.08 30
5 0.01 3 250.0 170.9 0.78 23.7 0.19 30
6 0.01 5 250.0 102.5 0.78 12.9 0.12 30
7 0.02 1 133.2 530.0 0.80 19.0 0.67 30
8 0.02 1 136.4 650.0 0.80 19.0 0.67 30
9 0.02 3 178.5 249.1 0.76 20.3 0.39 30
10 0.02 ) 178.5 149.5 0.76 12.8 0.23 30
11 0.02 7 178.5 106.8 0.76 9.5 0.17 30
12 0.02 3 290.0 396.5 0.78 24.3 0.39 30
13 0.02 5 290.0 237.9 0.78 13.3 0.23 30

data used for selection of the various transmission sys-
tem combinations are listed in Table 2, and the relevant
servo motor data are listed in Table 3.

The EMC drivetrain parameters used here are for
motor attachment via flange and coupling. Three diff-
erent mounting configurations (without gearbox) are
illustrated in Figure 15 to compare the size of the diff-
erent drivetrain configurations with the EHC system

used on the full-scale reference machine.
fm) I3 m)
T N A
E
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Figure 15: 1-2: motor attachment via timing belt side
drive. 3: motor attachment via flange and
coupling. 4: existing hydraulic cylinder.

From the servo motor pre-selection procedure de-
scribed in Section 4.2, the EMC drivetrain combination
that satisfies the three conditions is obtained based on
the simulation results from the inverse dynamic ana-
lysis. As shown in Table 4, combination No. 3 and
servo motor MSK101E-300 is the only EMC drivetrain
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Table 3: IndraDyn S - servo motor MSK data (Bosch
Rexroth, 2015).

Motor Winmaz [224] Ty [Nm]  Trnaz [Nm]
101D-300  481.7 50 160
101E-300  481.7 70 231
101E-300'  481.7 105 231
133D-300" 314.2 152 320
133E-300"  314.2 250 520
L'With fan

combination which does not require an external cooling
system and satisfies the pre-selection procedure.

From the catalog (Bosch Rexroth, 2015), the dy-
namic load capacity of the selected EMC drivetrain is
found to be C' = 470 kN. Based on the average load and
the presented motion cycle (Figure 11), the estimated
nominal life of the EMC drivetrain in number of revolu-
tions and hours is determined from Equations 14-16 to
be Ly = 6.0-10° revolutions, and Loy, ~ 3.3-10° hours,
respectively.

All considered EMC drivetrain combinations in Ta-
ble 2 satisfy the maximum permissible axial force
Friae = 100.8 EN. The maximum permissible trans-
mitted power of the EMC-HD-180 is from the cat-
alog (Bosch Rexroth, 2015) found to be 970 W
for P, = 0.01 m and 1240 W for P, = 0.02 m,
both smaller than the required amount of power
Popp,sim = 1319.6 W. Combination No. 4 does not sat-
isfy the required linear speed from the desirable motion
cycle (Figure 11), where the linear reference speeds are
Vrey = 0.115 = when retracting and v,y = 0.105 =
when extending.
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Table 4: EMC drivetrain pre-selection results.

No. Motor Wis [%] g, T,
1 133E-300! 72.26 1.04 0.56
2 101E-300" 216.77 1.01  0.59
3 101E-300 361.28 0.42 0.55
3 101E-300"  361.28 0.42 0.36
5 133D-300"  216.77 0.29 0.43
5 133E-300'  216.77 0.21 0.26
12 133E-300" 108.38 0.23 0.42
13 133D-300' 180.64 0.13 0.42
13 133E-300! 180.64 0.10 0.25

T With fan

5.3 Forward Dynamic Analysis

The forward dynamic analysis is used to verify that
the selected EMC drivetrain can provide the re-
quired power and motion performance of the full-scale
reference machine.

Based on the components selection in Section 5.2,
the model parameters of combination No. 3, sum-
marized in Table 2, and servo motor MSK101E-300
are obtained from the manufacturer catalogs: (Bosch
Rexroth, 2015) and (Bosch Rexroth, 2006). For the
servo motor model, the following parameters are used:
winding resistance R = 0.11€2, winding inductance
L = 0.19mH and number of pole pairs P, = 4.

In the simulation, the reference speed profile v,.s as
shown in Figure 11 is given as a reference speed input
We,res to the closed loop PI speed controller illustrated
in Figure 10. The simulated speed vgy;c of the EMC
drivetrain is compared with v..y and the results are
shown in Figure 11. The deviation between vgyc and
Ures is presented in Figure 16.
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Figure 16: EMC drivetrain speed deviation.
The simulated EMC drivetrain displacement z g ¢

is compared in Figure 13 against the displacement of
the EHC logged from the offshore rig in operation.

The axial force provided by the EMC drivetrain is
shown in Figure 14, and the highest occurring force
is Fgpe = 110.6 EN. The highest torque provided
by the servo motor is T, = 54.04 Nm, as shown in
Figure 17.
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Figure 17: Electromagnetic torque of the servo motor.

The obtained results indicate that both the kinemat-
ics and dynamics of the modeled system correspond
well to the performance of the full-scale reference ma-
chine. In addition, the required actuator force profiles
are identical regardless if using inverse or forward dy-
namic analysis to determine the force/torque demand
coming from the multibody system.

6 Feasibility Analysis

Today, the experience and knowledge of using EMC
drivetrains in OMS are very subjective, and the skep-
ticism regarding reliability is high, due to e.g. the
risk of breakdown (jamming) of the transmission screw
due to unexpected impact forces (shock) and overloads.
Also, the availability of commercial off-the-shelf EMC
drivetrains that satisfy both the explosive atmospheres
(Ex) certification (i.e. complies with the ATEX Di-
rective 2014/34/EU (European Commission, 2014)),
power, motion, and safety requirements of OMS is lim-
ited. However, many manufacturers of EMC drive-
trains can deliver tailor-made solutions that have po-
tential to meet these, if not now, then most likely in
the future due to research and development of EMC
drivetrains design for OMS applications. Furthermore,
the durability of tailor-made solutions is difficult to es-
timate due to lack of manufacturers experience with a
customized drive.

6.1 Motion Performance

With a focus on the motion performance, numerical
modeling and simulation based on information pro-
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vided in the manufacturer catalog (Bosch Rexroth,
2015) are used when sizing and selecting the compo-
nents of the considered EMC drivetrain.

The forward dynamic analysis verifies that the
selected EMC drivetrain can provide the required force,
displacement, velocity, and acceleration of the full-scale
reference machine. Also, the highest values obtained
for axial force, motor torque, motor speed, linear speed
and acceleration are within the limits of the maximum
permissible values of the selected EMC drivetrain - see
Figure 11-17. However, the total power required for the
considered motion cycle is higher than the maximum
permissible power of all the EMC drivetrain combina-
tions listed in Table 4. Therefore, based on the recom-
mendation of the manufacturer (Bosch Rexroth, 2015),
avoidance of overheating cannot be guaranteed for the
EMC drivetrain combinations investigated for the case
study presented in this paper. Hence, to avoid over-
heating, the average speed of the motion cycle must
be decreased. From the catalog (Bosch Rexroth, 2015)
the permissible power is found to be higher for the
transmission screw with lead P, = 0.02 m (1240 W)
compared to P, = 0.01 m (970 W). Therefore, by us-
ing an EMC drivetrain combination with P, = 0.02 m
and a servo motor with external cooling (e.g. combi-
nation No. 12 and servo motor MSK133E-300") the
permissible power would be closer to match the de-
manded power (1319.6 W) than the EMC drivetrain
combination simulated in Section 5.3.

6.2 Reliability and Safety

Research on replacing traditional hydraulic or electro-
hydraulic actuation in centralized hydraulic power sys-
tems with EMCs with a decentralized power system in
aircraft flight control and aerospace systems are well
documented in the literature, specially regarding reli-
ability and safe operations - see for instance the work
done by Bodden et al. (2007), Garcia et al. (2008), Bal-
aban et al. (2009), and Narasimhan et al. (2010).
Replacing EHC systems with EMCs while maintain-
ing the same level of safety is, according to Garcia
et al. (2008), a major challenge when considering de-
creasing production and maintenance costs, the size of
drives, energy consumption, and pollution emissions.
Furthermore, when considering to replace EHC sys-
tems with EMCs, special attention has to be paid to
avoid jamming, that is, when the screw transmission
becomes stuck. However, as demonstrated by Garcia
et al. (2008), safe operation and reliability of an EMC
drivetrain mainly depends on the motor and the elec-
tronics, especially the inverter. Finally, Garcia et al.
(2008) conclude that early failure detection, indepen-
dent and fault-tolerant configurations, and high relia-
bility of motors and electronics will allow EMCs to be
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used also in primary flight actuators.

In case of breakdown, OMS demand functional fea-
tures that allow the drive systems to be manually con-
trolled out of the operation zone so that the process
can continue with alternative equipment. According
to Schinstock and Haskew (1996), it is difficult to de-
sign an EMC drivetrain where a failed transmission
screw can be disengaged from the load to allow redun-
dant drives to take over. In comparison with the EHC
system used in OMS where counterbalance valves serve
safety functions for load holding, EMC drivetrains need
to use fail-safe brakes to hold the load when the electri-
cal power is lost. Also, self-ventilated electrical motors
are not be be continuously operated at high loads and
low speeds due to reduced cooling capacity and risk of
stall conditions (Pawlus, 2016).

The ATEX Directive (European Commission, 2014)
regulates usage of electrical equipment in the haz-
ardous areas, e.g. area around the well center, and
it also defines health and safety requirements of OMS.
Consequently, this limits the number of available EMC
drivetrain components e.g. electrical motors, convert-
ers, gearboxes, transmissions screws, hydraulic valves,
hydraulic pumps, etc. Since only components that are
Ex certified can be used in OMS, the design process be-
comes more challenging, and it might turn out that the
solutions which satisfy the performance requirements
and design criteria do not comply with the ATEX Di-
rective, according to Pawlus (2016).

6.3 Durability

A test performed by Schinstock and Haskew (1996)
demonstrates that roller screws (SKF set with a non-
preloaded nut, a 48mm nominal diameter screw, and
20mm lead) may be damaged by dynamic loading with
load magnitudes well within the static load rating of
the screw. Schinstock and Haskew (1996) concludes
that while this damage is not catastrophic, it would
defeat one of the main goals of the replacement of the
EHC system with EMC drivetrain. Furthermore, it
would be expected that the damaged portions of the
thread face would begin to flake and deteriorate and
substantially decrease the life of the screw. However,
the results presented by Schinstock and Haskew (1996)
do not prohibit the use of roller screws in harsh applica-
tions. Rather, they emphasize the critical importance
of good dynamic analysis of the loads generated by an
application and good controller design. Also, Schin-
stock and Haskew (1996) emphasizes the point that
the actuator must be back-drivable and include some
sort of force limiting control in such applications.
According to Garcia et al. (2008), condition moni-
toring is receiving a remarkable deal of attention in
the field of aeronautics, as it can detect incipient faults
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at an early stage. This reduces the maintenance and
down-time expense, and also improves operation safety.
This is why carriers and flight companies are more in-
terested than ever in the adoption of new condition-
monitoring techniques. Preferably, online techniques
for predictive maintenance, to check and evaluate per-
formance conditions of both the rotating electrical ma-
chines and the whole electronics.

The speed reference control signal used in the ana-
lysis presented in this paper is of trapezoidal shape
- see Figure 11. According to Pawlus et al. (2016D),
trapezoidal profiles cause overshoots, induce residual
vibrations and can generate high peak loads. As an al-
ternative reference profile, trigonometric profiles are in-
vestigated by Pawlus et al. (2016b) and prove to reduce
torque peak values by up to 50 %, remove jerk disconti-
nuities and provide smoother machine operation. Jerk
control allows to ensure smooth accelerations, vibra-
tions mitigation and decreased maintenance. This is
particularly important from the practical point of view,
since the solution to lower the associated fatigue and vi-
bration damage is to use smooth motion profiles which
are tailor-made for a given application, rather than
invest in costly condition based maintenance (CBM)
schemes or implement hardware modifications to the
machine.

6.4 Summary

Based on the above literature survey, it is concluded
that an EMC drivetrain:

e offers good energy-efficiency, simple installation
(plug and play), low maintenance, high stiffness
(accuracy) and low space requirements in compar-
ison to EHC systems with HPU and power lines
(Michel and Weber, 2012)

e has low durability at high load force due to wear,
and has little overload protection against shock
loads (Michel and Weber, 2012)

e is an appealing alternative to EHC system, since
it allows for the elimination of local hydraulic cir-
cuits, implying a significant maintenance cost re-
duction due to the absence of wearing parts such as
seals, hence, eliminates fluid spills (Garcia et al.,
2008)

e demands electric power just when it is needed,
compared to centralized powered EHC systems
where a continuous load on the HPU must be en-
sured regardless if the hydraulic power is used for
actuation or not (Garcia et al., 2008)

e is relatively compact and can offer high power-to-
weight ratios and motion velocities (Balaban et al.,
2009)

e with a roller screw can be used for both highly
and less accurate movement with flexible leads and
desired precision (Hojjat and Mahdi Agheli, 2009)

e has high static load capabilities, however, the per-
missible transmitted power causes limitations on
the allowable linear speed at high loads

e with large displacement and high load capabilities
certified for explosive atmosphere areas is limited
in availability.

7 Conclusion

This paper presents a feasibility study of the imple-
mentation of an EMC drivetrain in an offshore verti-
cal pipe handling machine. The EMC-HD from Bosch
Rexroth (2015) is considered as one of the commercial
off-the-shelf EMC drivetrains which closely can match
the power (static and dynamic force) and motion per-
formance (displacement length and speed) demand of
the case study machine.

From the inverse dynamic analysis, the EMC drive-
train components are selected based on the sizing prin-
ciples and selection procedure of the manufacturer.
The forward dynamic analysis verifies that the per-
formance of the selected EMC drivetrain satisfies the
requirements of the full-scale reference machine. The
highest values obtained for axial force, motor torque,
motor speed, linear speed and acceleration are within
the limits of the maximum permissible values of the
selected EMC drivetrain. However, the permissible
transmitted power of the EMC drivetrain is lower than
the power required by the motion cycle. Hence, based
on the manufacturers recommendations, avoidance of
overheating in the EMC drivetrain cannot be guaran-
teed. To avoid overheating, the average speed of the
motion cycle must be decreased. Alternatively, exter-
nal cooling or temperature monitoring and control sys-
tem that prevents overheating could be implemented.
Also, a transmission screw designed with larger lead
can increase the permissible power of the EMC drive-
train.

Commercial off-the-shelf EMC drivetrains with large
displacement and high load capabilities certified for ex-
plosive atmosphere areas are very limited or do not cur-
rently exist in the form that would allow to meet the
requirements of a typical offshore drilling equipment.
Where, design criteria such as temperature condition
(typically +40°C to -20°C'), IP protection class, relia-
bility, safety, and durability need to be satisfied.

(6]
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Even though these systems are not commercially
available, this paper shows that once the power and Ex-
approval problems are solved, EMC drivetrains might
become strong competitors to hydraulic cylinders in
offshore drilling equipment systems where centralized
hydraulic power is not available.
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