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Abstract

This article presents a survey on actuation systems encountered in offshore drilling applications. Specifi-
cally, it focuses on giving a comparison of hydraulic and electric drivetrains along with detailed explanations
of their advantages and drawbacks. A significant number of industrial case studies is examined in addition
to the collection of academic publications, in order to accurately describe the current market situation.
Some key directions of research and development required to satisfy increasing demands on powertrains
operating offshore are identified. The impact of the literature and application surveys is further strength-
ened by benchmarking two designs of a full-scale pipe handling machine. Apart from other benefits, the
electrically actuated machine reduces the total power consumption by 70 % compared to its hydraulically
driven counterpart. It is concluded that electric actuation systems, among other advantages, in general
offer higher efficiency and flexibility, however, in some specific applications (such as energy accumulation
or translational motion control) hydraulic powertrains are favorable.
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1 Introduction

1.1 Historical Perspective

Electrification of onshore drilling rigs started in the
1930’s (Rizzone, 1967). The overall trend back then
was to shift from steam power to internal combus-
tion engine power. However, despite the substantial
cost of the equipment and the general fear of electric-
ity that existed then, in several cases DC transmis-
sion was used (Rhea, 1946). The reason for internal
combustion engine fitted rigs to become prevalent was
their portability and improved efficiency, as compared
to steam power solutions. The situation changed in the
1950’s due to a significant number of new offshore lo-
cations. Placement of machinery in such applications
was dictated by vessel design and did not allow for
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such flexibility as for conventional land rigs, hence it
excluded both steam power and internal combustion
engines. What solved this problem was to apply lo-
comotive traction type direct current (DC) equipment
which paved the way for future development of electri-
fied drill rigs, as reported by Strickler (1967), for in-
stance. Initially, the generator was placed onshore and
the electrical power was transmitted to the platform
via submarine cable. Since then, many improvements
have been made in designing optimized electric power
systems for drilling and production platforms (Chris-
tensen and Zimmerman, 1986).

The history of electrification in the offshore drilling
industry begins in 1947 when the first offshore platform
was installed off the coast in Louisiana in 8 m of water
(Stone et al., 2001). Although at that time the need for
electrical systems was limited (e.g. to navigation sys-
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tems), further discoveries of oil and gas led to location
of platforms further offshore. This in turn necessitated
an increase in electricity generation on platforms to
meet growing requirements to include living quarters
and associated amenities (cooking, air conditioning,
lighting, etc.) offshore. Traditionally, starting from
the 1950’s, gas turbines or engines were used for power
generation and - by coupling to mechanical drives -
for load handling (Voltz et al., 2004). An alternative
approach is to use electric power to supply machinery
which manipulates the payload and to apply a separate
energy source (typically gas turbines) for power genera-
tion. This solution is the most popular nowadays. Nor-
mally, actuation types which take advantage of electric
motors are variable frequency drives (VFDs) and hy-
draulic drives, as described by Voltz et al. (2004).

1.2 Overview on Actuation Systems

The idea to use gas turbines as prime movers to turn
alternating current generators which drive all major
drilling components of offshore rigs has a well-proven
track record in the industry (Allen and Scott, 1966).
At that time, the solution that provided for speed con-
trol was to apply a fluid coupling, i.e. a hydro-kinetic
device with a primary rotor (a pump to add energy
to the fluid) connected to the power source and a sec-
ondary rotor (to extract stored energy from the fluid)
connected to the driven machine (Andrus et al., 1966).
This solution, referred in this paper to as a hydraulic
actuation / drivetrain, owes its popularity to a number
of factors. According to Janocha (2004), fluid power
systems are capable of providing high forces at high
power levels simultaneously to several actuating loca-
tions in a flexible manner. This results in higher torque
/ mass ratios than those available from electric motors,
particularly at high levels of torque and power (Bak
and Hansen, 2013c). Another advantage of a hydraulic
actuation system is that any heat generated at the load
is automatically transferred to another location away
from the point of heat generation, by the hydraulic
fluid itself, and effectively removed by means of a heat
exchanger (Wang and Stelson, 2015). These features
together with total automation capabilities and acces-
sibility as well as explosion proofness made hydraulic
drives a primary solution for offshore drilling applica-
tions since the 1960’s.

However, for some offshore applications the disad-
vantages of fluid power systems are more significant
than their benefits. Due to friction and nonlineari-
ties of valves, variations in fluid viscosity, and stiffness,
fluid power systems are more nonlinear than electri-
cal actuation systems and more prone to oscillations.
These negative factors cause additional difficulties for a
control system design (Bak and Hansen, 2013b). Other

challenges include leakage, noise, or difficulties in syn-
chronization of several degrees of freedom (Bak and
Hansen, 2013a). Finally, when the necessary acces-
sories are included, fluid power systems might be by
large more expensive and less portable than electrical
actuation systems. In the past it was not possible to re-
place hydraulic actuators by alternating current (AC)
drives due to the limited control features the latter so-
lution offered. Even though when Blaschke (1972) in-
troduced novel methods to control AC motors, it was
not an industrially mature technology yet. Moreover,
although DC drives provided sufficient control charac-
teristics, they were not desired solutions neither due to
high cost, maintenance, and risk of spark generation.

Nevertheless, enhanced control strategies of AC mo-
tor drives and recent advancements in power electron-
ics (mainly development of semiconductor switching
devices that started in the 1980s) made VEFDs more
popular and accessible (Depenbrock, 1985), (Tiitinen
and Surandra, 1996), (Geyer et al., 2009) and (Pa-
pafotiou et al., 2009). Cost-effectiveness of VFDs and
use of convenient power source distinguish them from
other types of actuation systems. They are especially
suitable for petrochemical industry, since there is vir-
tually no risk of electric spark generation or arcing.
The main advantages of VFDs are high reliability, high
robustness, easy maintenance, long life and low cost
(Kozlowski, 2013), (Swamy et al., 2015), (Seggewiss
et al., 2015). These are the reasons for electric pow-
ertrains to become increasingly popular in the offshore
drilling business. A typical drivetrain which uses vari-
able speed drives is illustrated in Figure 1.
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Figure 1: Conceptual representation of electric actua-
tion system
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1.3 Contributions

Given an increasing attention of offshore drilling in-
dustry to all-electric systems and numerous publica-
tions concerning this topic which are spread through-
out multiple publication channels, both academic and
industrial, the current paper presents a review of elec-
tric actuation systems in offshore drilling applications
within a single comprehensive study. Although in the
literature there are surveys concerning offshore indus-
try and:

— moise emission of equipment (Rahman and Abdul-
lah, 1991)

— faults on induction motors (IMs) (Thorsen and
Dalva, 1995) and (Mendel et al., 2009)

— wireless technology (Petersen et al., 2008)

— needs for technological development (Springett
et al., 2010)

— increase of value robustness (Allaverdi et al., 2013)

— actuation types of intelligent completion systems
(Potiani and Motta, 2014)

— heave compensation systems (Woodacre et al.,
2015)

— electric ship propulsion (Hansen and Wendt, 2015)

— diagnostics and prognostics of offshore wind tur-
bines (Kandukuri et al., 2016)

not much work is reported on benchmarking electric
and hydraulic drives in a broader perspective, specif-
ically for offshore drilling applications. The current
paper fills this gap. In addition, the following three
contributions of this study are highlighted:

1. Special emphasis is given to comparative analysis
of hydraulic and electric actuation systems.

2. A case study is presented to benchmark key per-
formance indicators of a gantry crane pipe hand-
ing machine available as both hydraulically and
electrically driven configurations.

3. Potential of these powertrain solutions is assessed
from the perspective of two emerging fields of ap-
plication: subsea drilling / production and drilling
systems automation.

The paper is organized as follows. Section 2 illus-
trates applications of electric actuation systems in off-
shore drilling business and underlines challenges asso-
ciated with their design and operation. On the other

hand, current innovations within the hydraulic pow-
ertrains are presented in Section 3. Sections 4 and 5
focus on safety, environment, cost, and maintenance
related issues which arise when using a particular pow-
ertrain type. Topics that have recently attracted con-
siderable attention, i.e. drilling activities in the Arc-
tic, subsea drilling and production systems, as well as
drilling automation and robotics are discussed from the
perspective of drivetrain design in Sections 6, 7, and 8.
Section 9 identifies possible future trends for develop-
ment of offshore motion control systems. A case study
of electrification of the actuation system of an exist-
ing full-scale pipe handling machine is demonstrated in
Section 10. The last Section outlines the conclusions.

2 Electric Motor Drives in Offshore
Industry

2.1 Overview

A number of successful examples show that oil and
gas producing plants may now rely to a higher de-
gree on electric drives - see for instance the works
done by Thorsen and Dalva (1995), Gallant and An-
drews (2006), Rahimi et al. (2011), and Pawlus et al.
(2014b). Williams (1991) outlines advantages and dis-
advantages of both hydraulic and electric top drive
systems with a special emphasis on their performance
and productivity. Since in hydraulic actuation systems
energy changes its form more often, their overall ef-
ficiency is lower compared to electrically driven ma-
chines. Williams (1991) indicates that for the same top
drive application the electrical system is much more
efficient, by nearly 21 %. In addition, the key to relia-
bility of the hydraulic system is cleanliness of oil. This
of course involves additional expenses on appropriate
filtration in both high pressure and return systems, as
well as on a reservoir that will maintain clean oil.
Traditionally, hydraulic drives take the major lead
in applications where high power density is required
(Ottestad et al., 2012). To address the issue of gen-
erating high power from linear actuators, a concept
of a permanent magnet linear actuator combined with
a double gas spring is introduced by Ummaneni et al.
(2007). Similarly, Zhang et al. (2012) presented a ham-
mer drilling system driven by a tubular reciprocating
translational motion permanent magnet synchronous
motor. Gas springs make it possible for the piston
to oscillate at high frequency. In addition, permanent
magnets allow to produce large electromagnetic force,
which, combined with large stroke lengths, is particu-
larly useful in drilling applications. This concept could
also be utilized in ocean wave power extraction to con-
vert low speed, high force power to high speed, low
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force power.

Rivenbark et al. (2007) describe a problem of con-
trolling wellhead gate valves by hydraulic actuators.
They were operated from a pneumatically powered con-
trol panel which used electrically driven compressors
to generate the instrument air. Not only such a solu-
tion was found to be inefficient due to losses associated
with energy conversion but it was maintenance inten-
sive as well. Therefore, an all-electric system that uses
electric gate-valve actuators was proposed to overcome
these historical difficulties. It eliminated the risk of
leakage of fluid / gas, provided a clean power source,
and made control and response times independent of
temperature and fluid / gas displacement. In general,
the all-electric system is a solution that is less complex,
as it contains fewer subsystems - see Figure 2.
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Figure 2: Comparison of complexity levels of popular
actuation systems (Rivenbark et al., 2007)

Smooth control and silent operation that variable
speed AC drives provide is recognized in shipping and
marine sector as well (Sakuraba et al., 1992). Recently,
all-electric vessels have become increasingly popular
with dynamic positioning (DP) systems receiving spe-
cial attention - see for instance (Yadav et al., 2014) and
the references therein. A solution with a variable pitch
propeller and a fixed rotational speed has been the
most popular so far. What is more beneficial, however,
is to fix pitch propeller and control the rotational speed
instead, since in majority of cases the thrust needed is
minimal (which reduces the shaft speed) (Leira et al.,
2002). This results in lower energy consumption, as
the electrical systems only require the power that is
needed for the work, contrary to hydraulic drives which
normally provide full torque at all speeds, causing the
supply to operate at full power at all times.

As exploration of new offshore oil and gas fields is
moving into deeper waters, marine operations related
to development, completions, and production activi-
ties require more power and design of optimal power

generation systems (Craig and Islam, 2012) and (Mar-
vik et al., 2013). Since technology which enables well
control in ultradeep water has emerged, there is ob-
served the trend to move all infrastructure subsea. It
was already in the 1990’s when Jernstrom et al. (1993)
recognized that an all-electric control system for sub-
sea well control would be simpler and less expensive
compared to a conventional electro-hydraulic control
system. Some advantages of using this new solution
are: higher flexibility when expanding an existing sys-
tem, removal of significant environmental, technical,
and economical problems associated with hydraulic flu-
ids, and possibility to develop marginal fields at large
distances from processing facilities. The topic of sub-
sea systems and installations deserves a closer attention
when seen from the perspective of electric powertrains,
and is therefore widely discussed in Section 7. Another
field that is expected to play a key role in the future and
which is related to electric actuation systems is drilling
automation (Rassenfoss, 2011), covered in Section 8.

2.2 Challenges in Design and Drilling
Operations

One of the challenges that arises with an increased
use of electric motor drives in offshore applications,
is susceptibility to poor power quality in the form of
voltage notches and overvoltage ringing (Hoevenaars
et al., 2013). Such distortion might lead to failures
in other equipment connected to the power distribu-
tion bus. It is therefore important to apply harmonic
mitigation techniques such as filters discussed by Ho-
evenaars et al. (2013) and Hoevenaars et al. (2016)
to ensure no power-quality problems. We elaborate
more thoroughly on this topic in Section 4. Similarly,
pressure oscillations in wells, caused by heave motion,
present a serious threat to personnel and the environ-
ment, and a risk of a significant economic damage in
case of loss of the well. Hence, appropriate vibration
and oscillation mitigation techniques have to be ap-
plied to suppress pressure fluctuations (Albert et al.,
2015). Drilling of complex curved boreholes in order
to access unconventional reservoirs of oil and gas is as-
sociated with an additional problem of increased drag
losses while drilling. To prevent borehole spiraling, a
model-based control strategy is developed by (KKremers
et al., 2016). Not only it guarantees the stable gener-
ation of complex curved boreholes but also needs only
limited measurement data.

When designing electric drivetrains, an extra effort
should be made to select an appropriate motor type.
Generally speaking, induction motors are the most fre-
quent in use because of their simple and rugged con-
struction, and simple installation and control (Couper
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et al., 2012). Synchronous motors, on the other hand,
offer slightly higher efficiencies than that of induction
motors, the higher values at the lower speeds. They are
particularly useful in high power and / or low speed ap-
plications, and usually have higher power density com-
pared to induction motors (at the cost of higher price).

Electrically actuated offshore drilling machines are
often designed overly conservative to work under cyclic
loads, whereas, in reality, maximum load conditions
acting upon them constitute only a slight share of to-
tal loads experienced during a lifecycle (Pawlus et al.,
2014a). Of course, sensible over-dimensioning to ac-
count for unexpected events which are likely to occur
in offshore environment is acceptable. What should
not be tolerated, however, is to over-dimension drive-
train components due to the lack of information char-
acterizing load conditions. To address this problem,
Pawlus et al. (2016) presented an approach to estimate
required full-scale motor torque using a scaled down
experimental setup and its computational model. The
discussed approach mitigates the effort of design en-
gineers to select the best combination of components
of an electric drivetrain by allowing to explicitly spec-
ify the required motor torque, which includes the ef-
fects of static and dynamic loads as well as friction.
In addition, to reduce conservatism when designing
electric powertrains, Pawlus et al. (2015) proposed a
method to optimally choose elements of electric driv-
etrains from manufacturers’ catalogs. The combina-
tion of components (namely, a motor, a gearbox, and
a drive, as illustrated in Figure 3) that both satisfies
design constraints and specifications as well as mini-
mizes the total drivetrain costs is guaranteed to be the
global optimum, in contrast to some other tools which
may achieve only local optima.
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Figure 3: Design optimization problem of electric driv-
etrain (Pawlus et al., 2015)

2.3 Summary

The following main advantages of electric actuation
systems are identified for offshore drilling operations
(Adnanes, 2003):

1. Reduced fuel / energy consumption — especially
when there is a large variation in load demand.

2. Less space occupation — increase of rig’s payload.

3. Flexibility in location of actuators — electric power
is supplied through cables, therefore an actuator
could be placed independently on the location of
the power generator.

4. Lowered noise — optimized operation of power gen-
erators.

5. Improved control features — accessible speed con-
trol of AC motor drives and limited nonlinearity
of the system.

6. High positioning accuracy — convenient control of
motion profiles.

7. No risk of leakages — removal of hoses, pipes, tanks,
valves, pumps, etc.

8. Fewer maintenance tasks — no need to replace worn
out hydraulic components and to retune control
systems.

These benefits have to be, however, weighted up
against the following drawbacks:

1. Lower power density — hydraulic actuators develop
relatively large torques for comparatively small de-
vices.

2. Fail-safe brake — in case of power loss a mechanical
brake has to hold the load.

3. Additional components — harmonics reduction sys-
tems, transformers, extra cooling, etc.

4. Stall conditions — it is dangerous to operate an
electric motor continuously at full load and low
speed.

3 Hydraulic Powertrains - Recent
Developments

There are many unique features of hydraulic drive-
trains pointed out by Meritt (1967) that are still rel-
evant compared to other types of control. The most
significant ones are:

1. The fluid carries away the generated heat to a con-
venient heat exchanger.

2. It acts as a lubricant as well and extends life of
drivetrain components.

3. Hydraulic actuators develop relatively
torques for comparatively small devices.

large
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4. Torque to inertia ratios are large which results in
high acceleration capabilities.

5. Actuators can directly be used for dynamic brak-
ing (with relief valves protection).

6. They can be operated under continuous, inter-
mittent, reversing, and stalled conditions without
damage.

7. Higher stiffness results in little drop in speed as
loads are applied.

8. Energy storage is relatively straightforward with
hydraulic / pneumatic accumulators.

9. Natural damping due to the compressibility of the
hydraulic oil. This behavior makes the hydraulic
actuators more tolerant of impact (shock) loads.

Apart from numerous proven examples of using hy-
draulic powertrains in the offshore drilling applications
- see for instance (Bak, 2014) and the references therein
- we would like to discuss some recent developments
and innovative solutions that make hydraulic systems
a tough competitor to all-electric drivetrains (Nord-
hammer et al., 2012).

An area that attracts significant attention of the in-
dustry is the use of variable speed drives in fluid pump-
ing applications (Jahmeerbacus, 2015). Tt is considered
to be more efficient solution for achieving adjustable
flow rates compared to old-fashioned (but still popu-
lar) method to drive pumps by 3-phase induction mo-
tors operating at fixed speeds. However, what still
might occur at low speeds and high static heads, is
that pumps run at efficiencies that are far from the
optimum. Therefore, adjusting the flow rate and to-
tal head within the best efficiency region of the pump
by using appropriate induction motor control strategies
becomes a challenge (Josifovic et al., 2014). Additional
design factors such as serial or parallel connections of
pumps and motors have to be considered to achieve
the best possible system performance (Neufeld et al.,
2014). Some other recent innovations to achieve low-
cost, low-maintenance, and high-efficiency hydraulic
solutions, involve fast switching digital valves (Roemer
et al., 2015), robust control of hydraulic linear drives
(Schmidt, 2015) or optimal design of hydrostatic trans-
missions (Pedersen et al.,; 2012). These examples show
that hydraulic actuation systems are continuously be-
ing improved to increase performance specifications of
fluid power solutions.

Finally, the conventional drilling rigs are known to
waste the deposited potential energy during hoisting
/ lowering operations and active / passive heave com-
pensation. However, there are efforts to store this en-
ergy in the form either available as pressure boost in

hydraulic systems or electricity induced during regen-
erative braking (Lujun, 2010). So far, the capabilities
of hydraulic / pneumatic accumulators are superior to
energy storage options that modern battery systems
offer (Bender et al., 2013). Especially, when offshore
operating conditions characterized by high loads and
heave motion are considered.

4 Safety and Environment

Actuation systems that provide for high fuel efficiency
and lower emissions are preferred nowadays to mitigate
the greenhouse effect and address environmental con-
cerns of governments and various agencies (Kim and
Chang, 2007). Standard hydraulic power units (HPUs)
which supply fluid flow in hydraulic actuation systems
are known to have higher power demands than all-
electric systems. This results in higher energy con-
sumption and CO; emissions (Sun and Kuo, 2010).
The effect of reduced environmental footprint is more
pronounced for applications utilizing VFDs when oper-
ating at load conditions different than the rated (Iim
et al., 2010). Hence, variable speed electric drivetrains
not only improve efficiency of driven equipment and al-
low for continuous process control over a wide range of
speeds but also decrease the emissions of greenhouse
gases (Yoon et al., 2009). In addition, the problem
which completely disappears in applications involving
the use of electric powertrains is leakage from hydraulic
pipes, hoses, pumps, etc. (Rivenbark et al., 2007).

The survey done by Rahman and Abdullah (1991)
points out that the major sources of noise on drilling
rigs are ventilation ducts, generators, hydraulic pumps,
and the drawworks on the rig floor. The study revealed
that the noise in offshore applications is a complex is-
sue both in terms of vibration and structural noise as
well as personnel noise exposures. It is therefore es-
sential not only to install acoustic panels or enclosures
in highly sensitive areas (e.g. to protect personnel in
their living quarters) but also to substitute / upgrade
equipment producing excessive levels of acoustic emis-
sion. Replacing hydraulic drivetrains or moving them
away from personnel working areas has been identified
by Rahman and Abdullah (1991) as a key factor to
improve noise control on offshore production platforms
and drilling rigs.

Additional critical safety issue related to an increas-
ing use of AC and DC electric drives in marine ap-
plications (e.g. electric propulsion or offshore drilling
operations) is harmonic distortion (Hoevenaars et al.,
2010). Since VFDs draw current in a nonlinear or si-
nusoidal manner, they can introduce excessive levels of
both current and voltage harmonics. Harmonics are
dangerous especially in oil refineries and oil produc-
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tion platforms, i.e. in zones 1 and 2 explosion-proof
motor installations, see TEC (2014) and TEC (2015).
Degradation of bearing lubrication caused by rotors
overheated by harmonics might lead to frictional spark-
ing. Similarly, a risk of explosion increases as quality
of shaft seals decreases. Therefore, specific require-
ments are given in international standards in an at-
tempt to protect against this risk and to keep voltage
distortion below acceptable levels, for instance (IEC,
2002), (IEC, 2010), (ABS, 2006), (DNV, 2005). Typ-
ically, the techniques to mitigate total harmonic volt-
age distortion (THDv) involve application of filters or
active front-end (AFE) drives and became a common
industrial practice (Mindykowski et al., 2007). Fi-
nally, to ensure safe load handling / parking in case
of loss of electrical power, proper brake mechanisms
have to be applied. Traditionally, mechanical friction
brakes that are costly and require maintenance have
been used for AC motor drives (Kaufman and Kocher,
1984). They are a well-proven solution still used in
many industrial applications (Ko et al., 2015). On the
other hand, drive-by-wire systems without mechanical
backup become increasingly popular in automotive and
aerospace industries (Isermann et al., 2002). They are
based on a number of redundant control systems that
transfer electrical commands to electromechanical ac-
tuators, resulting eventually in a scheme that is usu-
ally not fail-safe but has fault-tolerant properties. In
this regard, hydraulic actuators are more convenient to
operate, since it is enough to design a fail-safe circuit
which ensures that the actuator (e.g. a hydraulic cylin-
der) will stand still in case of hydraulic line rupture or
power loss (Phillips and Laberge, 1984).

5 Cost and Maintenance

Shatto (1951) compared the individual costs of major
parts of various transmission systems. Already back
then, for a rig under question, the electric transmis-
sion turned out to be slightly more cost-effective than
the widely spread mechanical drives. In addition, the
cost of initial investment did not indicate the main-
tenance savings that result from reduction of engine
shock loads or overload, and the elimination of many
chain drives and clutches. Similarly, such intangible ef-
fects on drilling costs and safety of operation as: simple
control, the ability to meter all loads, and reduction of
engine noise at the derrick floor, were impossible to be
accurately assessed but they generally speak in favor
of electric transmissions.

Nowadays, the initial investment of electric and hy-
draulic drives in offshore drilling applications is in most
cases comparable. There are of course some appli-
cations when one solution is cheaper than the other

(Williams, 1991). However, given an increasing num-
ber of electric actuation systems in various industries
(Christopoulos et al., 2016), it is expected that the cost
of variable speed drives, motors, and associated power
electronics systems will further decrease. Rivenbark
et al. (2007), for instance, estimates that the total cost
savings for the all-electric system to control well pro-
duction exceeds $200 000 per well, over the traditional
pneumatic / hydraulic system. The savings that are
not included in this amount come from reduction of
maintenance and service personnel and are difficult to
be precisely assessed.

Similarly, there is evidence that all-electric systems
are more compact and flexible than their hydraulic
counterparts (Bak, 2014). This directly translates to
cost savings, since, according to Christensen and Zim-
merman (1986), platform deck area is valued at approx-
imately $600 — $6 000/ ft?, depending on the platform
location, and for every pound in weight saved, $1 — $5
of structural material are saved. Serious maintenance
tasks require stopping platform production. The cost
of this operation ranges from $37 500/h for small Gulf
of Mexico platforms to $187 500/h for large North Sea
platforms. It is therefore essential to limit service and
maintenance activities to absolute minimum - some-
thing that is within the reach when using all-electric
solutions.

6 Arctic Operations

6.1 Hydrocarbons Reserves

According to Ciechanowska (2011), shrinking global
energetic supplies and a continuously growing demand
on all kinds of fuels (especially on crude oil, natural
gas, and oil-products) brought attention of interna-
tional community to an enormous hydrocarbonic po-
tential of the Arctic. Despite temporary interruptions
and market difficulties, fossil fuels remain the domi-
nant form of global energy, accounting for almost 80 %
of total energy supplies by 2035 (BP, 2016). In par-
ticular, the global oil demand is predicted to increase
by almost 20 Mb/d within the same time period. Hy-
drocarbon deposits available under the seabed of the
Arctic Ocean locate it in the first place among all global
waters with respect to presence of oil and gas resources
(Zolotukhin and Gawrilov, 2011). It is estimated that
in the Arctic there is 25 — 30 % of global deposits of
natural gas and 10 — 15 % of global deposits of crude
oil. Drilling activities have already started in Pechora
(Pettersen, 2015) and Barents (Zacks Equity Research,
2016) Seas, to name just two most famous examples.
Therefore, the Arctic Ocean is definitely going to play
a key role in the near future when it comes to the shape
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of the global energy outlook.

6.2 Environmental Challenges

Oil and gas production in the Arctic depends on a
complex set of variables (Harsem et al., 2011). Harsh
winters with extreme temperatures and year-round ice
represent highly challenging conditions for the oil and
gas industry. In addition, a few more factors that
make drilling in the Arctic difficult are: thick ice cover
present for 4 —12 months per year, frequent storms and
strong gales, low temperatures reaching from —20 °C
to —60 °C, high seismic activity, and floating ice floes
capable of destroying virtually every offshore installa-
tion. On top of that, governments are not willing to
give out drilling licenses without proper consideration
of the environmental impact of drilling in highly sen-
sitive regions. Therefore, it is strongly recommended
that the petroleum enterprises in the years to come in-
vest in technology which makes exploratory drilling less
difficult, more cost-effective, and environment friendly.

6.3 Feasibility of Electric Systems

As already mentioned in Section 2, AC motors con-
trolled by VFDs are characterized by improved control
features, reduced energy consumption, higher reliabil-
ity over time, as well as minimal routine and preventive
maintenance. These features, together with lower emis-
sions and eliminated risk of oil leakages to sea water,
cause VFDs to have a better impact on the environ-
ment, and directly correspond to the above mentioned
strict requirements for actuation systems which are to
be used in the Arctic environment.

7 Subsea Infrastructure and
Control Systems

The trend of moving the production into deeper water
and areas with hostile weather conditions has already
been recognized by Rye (1972). Operation of control
valves on subsea equipment such as blowout preventers
(BOPs), satellite trees, and complex manifold systems
requires suitable control systems. In addition, extra
signals, such as production pressures and valves posi-
tions have to be made available to control system so
that it can detect adverse conditions and perform its
automatic shut-down in case of serious failures. Nor-
mally, the following subsystems are needed for a suc-
cessful operation of a subsea control system:

— hydraulic power

— communication

— electrical power.

Pipe (1982) describes that back then there were no
known examples of application of electrical power to
directly operate subsea systems. This, however, has
completely changed over 2 — 3 decades. For instance,
the first all-electric subsea system in the Dutch sector
of the North Sea has been already in operation in the
2000’s (Abicht, 2010). A few reasons for electric ac-
tuation systems to become dominant over traditional
hydraulic solutions in subsea equipment are: increased
precision, increased energy efficiency, fewer converting
processes, reduced risk of pollution, less potential fail-
ure points, smaller footprint, short response time, im-
proved operability, extended monitoring possibilities,
and enhanced maintenance, with the only drawback
being identified as the limited track record. This, how-
ever, can be justified by the relatively new state of
technology, and - given many advantages this solution
offers - is going to change in the future. In addition,
Aadland and Petersen (2010) mention that the overall
trend is not only to replace / supplement the existing
hydraulic subsea control systems with all-electric actu-
ators but to move the production facilities from the sea
surface into seabed. The electric actuation systems will
certainly play a key role in such facilities operating in
the Arctic, given the challenges described in Section 6
(Hazel et al., 2013).

8 Drilling Systems Automation

The level of automation in the drilling industry is still
relatively low compared to other industries. It was only
in the last decade when significant amount of research
and development initiatives have been started in this
field (Breyholtz and Nikolaou, 2012). Automation can
be defined as reduction of workload of human oper-
ators by introduction of control systems and informa-
tion technology. It goes one step beyond mechanization
which only replaced human power by mechanical. As
expected, automation of all stages of drilling process
is a challenging task. To better understand different
levels of automation and the role of the driller in such
environment, Table 1 summarizes possible modes of
automation based on automation strategies from the
aviation industry.

The driller should be able to switch between different
modes during a drilling operation so that at all times
the driller is the absolute authority of the operation.
The point is made here that “automation” must not
be used interchangeably with “autonomy”, since these
two notions have totally different meaning, as it is clear
from Table 1. Experiences from other industries show
that increasing the mode of automation increases the
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Table 1: Modes of automation (Breyholtz and Nikolaou, 2012)

Mode Management Mode Automation Functions Driller Functions
Autonomous No particular function. Operation goals are
6 . Fully autonomous operation. self-defined. Monitoring is limited to fault
Operation .
detection.
The al.ltomatlon system chooses The driller is informed of the system intent.
operations and defines operation " ..
Management by . . Must consent to critical decisions only. May
5 . goals, informs the driller, and . .
Exception . . intervene by reverting to lower mode of
monitors responses on critical
.. management.
decisions.
Management by The automation provides coordinated The driller feeds the automatllon system with
4 . a chosen operation, operation goals, and
Consent control of multiple control loops. . .
desired values for key variables.
Management by The automation system provides .1 The driller decides setpoints for the .
3 . e individual control loops. Some tasks are still
Delegation closed loop control of individual tasks.
performed manually.
The automation system could Envelope protection systems are enabled.
2 Shared Control interfere to prevent the driller from Decision support / advisory systems are
exceeding specified boundaries. available.
Provides down-hole information
1 Assisted Manual trends and detects abnormal The driller has direct authority over all
Control conditions in the well. Does not systems. Decision-making is computer aided.
intervene.
0 Direct Manual Control Warnings and alarms only. The driller has direct authority over all

systems. Unaided decision-making.

overall operational and economic performance of the
controlled process.

The oil and gas industry has always striven to im-
prove both safety and profitability of drilling opera-
tions. Reaching these goals have recently become more
difficult due to increased challenge and risk of recover-
ing today’s harder-to-reach reserves (Sadlier and Laing,
2011). Due to these obstacles, a need to automate
drilling systems has emerged in order to improve rate
of penetration (ROP) and repeatability of drilling pro-
cess, as well as to mitigate risks associated with health,
safety, and environment (HS&E). In addition, as more
experienced people retire from the industry, it is nec-
essary to find ways to access the expertise regardless
of human factors. A number of successful examples to
reduce mean time between failure (MTBF), improve
safety, performance, quality, reliability, consistency,
and interoperability thanks to automation of drilling
processes is presented by de Wardt et al. (2013).

However, to realize the vision of fully automated
(and some day - autonomous) drilling operations, one
should think of using such components and subsys-
tems that acquire, process, provide information, and
automatically execute instructions within a common
information-sharing framework. Hence, automated
control of drilling process can only be achieved with
seamless communication and interoperability of various
portions of the complete drilling package (Sadlier and

Laing, 2011). These features have to be supported by
reliable decision-making systems to integrate real-time
data with optimal control actions (Rodriguez et al.,
2013).

Therefore, from the perspective of drilling automa-
tion, the favorable approach would be to unify and
integrate different subsystems of drilling process, soft-
ware solutions, and types of actuation systems. This
is especially applicable when considering the fact that
the level of complexity and integration of various parts
of offshore installations constantly grows (Shuguang
et al., 2015). Since offshore drilling machines driven by
fully electric powertrains simplify design of actuation
systems, they are more likely to faster reach certain
levels of automation than their hydraulically actuated
counterparts.

One step towards an increasing level of drilling
automation is simulation based engineering (Pawlus
et al., 2014c¢). Allowing the model of a designed sys-
tem to grow to cover the complete process and all sce-
narios is necessary in order to test more sophisticated
control algorithms in a virtual simulation environment
before applying them on full-scale machinery (Down-
ton, 2015). Such approach facilitates product develop-
ment and shortens commissioning time by making it
possible to immediately implement each subsystem of
automation engineering in simulation.
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9 Future Trends in Offshore
Actuation Systems

It is expected that electric actuation systems will con-
stitute an increasing share of powertrain solutions in
offshore drilling applications in the future. In partic-
ular, more attention should be devoted to selection of
the best motor type for a given application - e.g. induc-
tion vs. permanent magnet motors (PMMs). Brinner
et al. (2014) show that, on average, PMM uses 20 % less
energy than IM in applications that have high power
demand. Therefore, it is anticipated that the num-
ber of installations equipped with such machines will
increase so that the industry will formulate best prac-
tices and recommendations for selection of the optimal
motor type given particular specification requirements.

In addition, considering the amount of research that
is currently being done to develop linear electromag-
netic actuators characterized by high power density
and continuous force control (Kim and Chang, 2007),
it is predicted that hydraulic linear actuators might
become less popular. Many components, such as hy-
draulic pump, valve module, and connecting hoses, as
well as relatively slow response times, are the nega-
tive features of hydraulic cylinder blocks. Their elec-
tromagnetic counterparts, on the other hand, already
offer improved dynamic response, high accuracy, high
efficiency, environmentally friendly design, and clean
work area (Han and Chang, 2016). The only limiting
factor is their lower power density but this is likely to
improve considering their increasing popularity among
various industries (Boglietti et al., 2009).

Finally, judging by the interest that the interna-
tional community developed for the Arctic resources,
it is highly probable that subsea production sites will
dominate the drilling landscape in the years to come.
Such solutions are desirable as they reduce or elimi-
nate the surface production platforms, improve cost-
effectiveness, and lower threat to personnel (Craig and
Islam, 2012). For the same reasons, drilling automa-
tion and robotic systems are expected to play a key role
and significantly change the way we understand and
design drilling and production processes today (Austi-
gard, 2016). In both applications, all-electric systems
will be superior to hydraulic drivetrains, given their ad-
vantages discussed in Sections 7 and 8 (Springett et al.,
2010).

10 Case Study - Gantry Crane

10.1 General Description

The Gantry Crane illustrated in Figure 4 is designed for
handling drill pipes from pipe deck to tubular shuttle
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and vice versa. The crane is equipped with a paral-
lel yoke for single and dual pipe handling. The lift-
ing yoke is attached to the horizontal lifting telescope.
The trolley on which the lifting yoke is located is fitted
with two winches: one for hoisting / lowering the par-
allel yoke and the other (manually operated) for utility
operation. Main specifications of the machine are sum-
marized in Table 2.

Figure 4: The Gantry Crane - courtesy of MHWirth
AS

Table 2: Characteristic features of the Gantry Crane

Property Value
Safe working load (SWL) 351

Gantry travel 50.0 m
Gantry rail span 185 m
Trolley travel 12.0 m
Trolley rail span 2.3 m
Telescope stroke 3.7Tm
Total weight 378t

10.2 Electric Motion Control

The discussed Gantry Crane is available to customers
as both hydraulically and electrically actuated system.
The gripper on the parallel yoke is the only part of the
machine that is driven by a hydraulic drivetrain in the
electric version. Apart from it, there are 3 axes which
are electrically actuated by VFD-controlled induction
motors:

1. Crane travel using rack and pinion system.
2. Trolley travel using rack and pinion system.

3. Hoisting / lowering of parallel yoke using winch
mechanism.
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There is one induction motor on each of the two
Gantry Crane carriages - see Figure 5. Each of the two
motors has a hydraulic fail-safe brake activated when
loss of electric power is detected. The trolley trav-

Figure 5: The carriage assembly

els horizontally on top of the main beam. Similarly
to crane carriages, travel function of trolleys is per-
formed by using rack and pinion system and electric
drivetrains with the same mechanism for emergency
braking. The telescopic arm consists of two rectangu-
lar hollow sections. The outer box is fixed to the trolley
frame, whereas the inner box moves up and down. The
trolley telescope is actuated by means of an electrically
driven winch and wire sheave system. The wire runs
from the winch to a sheave located on top of the outer
box and then down to the inner telescopic box. The
winch is fitted with the fail-safe brake as well, thus en-
suring safe handling of loads in case of power loss. The
complete subsystem is shown in Figure 6.

10.3 Benefits

Table 3 summarizes some of the most important differ-
ences between hydraulically and electrically actuated
Gantry Cranes. Although this list is not exhaustive
(e.g. it does not contain detailed information regarding
frequency and cost of maintenance tasks) and presents
only the most essential features, it clearly shows an ad-
vantage of using VFDs over traditional hydraulic driv-
etrains. Not only the electrically actuated machine of-
fers a significant reduction of power consumption (no
big-size HPU) but it also provides for improved con-
trol performance and weight reduction of the total sys-
tem. The last feature is especially relevant for offshore
applications, since according to (Christensen and Zim-
merman, 1986), the platform deck area is valued at
approximately $6 500 — $65 000/m? and every saved
kilogram of weight yields a saving of $2 — $10 on struc-
tural material (recall Section 5).

The electrically actuated system demands of course
additional equipment and functions (e.g. fail-safe
brakes) which are not required in the case of hydraulic

)

L
)22

arm

Figure 6: The trolley arrangement with the telescopic

Table 3: Advantages of the electrically actuated

Gantry Crane compared to the hydraulically

driven machine

Mass
v Total weight reduced by 10 %.

Energy
v Total power consumption reduced by 70 %.
v Power optimization (higher speed at zero
hook load).

Environment
v Noise level reduced by 20 %.
v Removal of high pressure hoses.
v/ Hydraulic leakage and oil contamination re-
duced to minimum.
v/ No need to warm up oil for operation in cold
weather.

Control
v Better dynamic control during load han-
dling.
v One VFD to control two winch motors.
v No need for valve overlap correction / tun-
ing due to wear of hydraulic system.

Maintenance
v/ Lower volume of oil.
v/ Conservation tasks of pipes, pumps, valves,
etc. reduced to minimum.

11
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drivetrains, however, these drawbacks are of marginal
relevance given the above advantages. In addition, al-
though the initial investment is comparable for both
electric and hydraulic systems, the first one offers sig-
nificantly lower maintenance costs and reduced service
tasks. The electrically actuated Gantry Crane indeed
offers all the benefits that were identified in the litera-
ture survey and summarized in Section 2.3.

11 Conclusions

This paper presents a survey on actuation systems
in offshore drilling applications. Contrary to previ-
ous works, this study is focused on electrically driven
equipment and is not concerned with one specific ma-
chine design but, instead, it tries to focus on drilling
equipment in general. In addition, not only academic
publications are reviewed but - what authors believe to
be equally important - a significant number of indus-
trial case studies and research activities. In order to
draw an informative picture describing the undergoing
shift from hydraulically to electrically actuated drilling
machines, state of the art in both the research front and
the industrial applications was presented. In the au-
thors’ opinion, such an approach gives more credibility
to the findings shown in this paper, since many indus-
trial examples from the market are also discussed. Fi-
nally, the results of comparative analysis of hydraulic
and electric drivetrains, based on theoretical studies
as well as literature and application surveys, are con-
firmed by the conclusions coming from analyzing a case
study of electrification of the actuation system of a full-
scale pipe handling machine.

Electric powertrains offer higher efficiencies, lower
emissions, improved maneuverability and positioning
accuracy, reduced environmental impact, smaller foot-
print, as well as lighter and more compact drivetrain
designs, just to name a few of their advantages. Al-
though hydraulic actuation systems are still prevalent
in some specific applications (e.g. well-established hy-
draulic linear drives, energy accumulators, or higher
power density in general), it is expected that electric
drivetrains will become increasingly popular. This is
dictated by the progressive move of production into
more hostile and remote environments, where the ben-
efits of the latter solution are dominant. Likewise, the
developing need for robotic drilling systems, or auto-
mated drilling in general, as well as an increasing at-
tention that the subsea systems attract, all call for ef-
ficient, easy to maintain, and reliable powertrain de-
signs.
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