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Abstract

Offshore crane winches are equipment installed on sea vessels and designed for accurate lifting and lowering
of payloads at subsea levels in all conditions and are equipped with Active Heave Compensation (AHC)
capabilities which keep the handled payload stable relative to the seabed. Due to logistical challenges and
short maintenance windows imposed by sea conditions, maintenance of offshore crane winches in open
sea is costly and time consuming, and its reliability is therefore of the highest importance. In recent
times, electric drives for the actuation of the winch drum have seen a surge in popularity in favour of
hydraulic drives owing to advances in control technologies of AC motors, as well as higher efficiency, lower
noise and lack of an oil reservoir. In light of these changes and the importance of reliability, a study
on the effect of the electrification (ie. switching from hydraulic to electric actuation) of offshore crane
winches from a reliability viewpoint is necessary. In previous studies, it has been established that the
different inherent properties of electric and hydraulic drives lead to torque ripples of different magnitudes
and frequencies which may induce additional mechanical stresses in the drivetrain. The effects of these
ripples on a system level have so far only been studied from a Noise-Vibration-Harshness (NVH) viewpoint
in applications where driver comfort takes precedence in design (ex. electric vehicles, tractors). In this
paper, these drive-induced ripples are simulated for common electric and hydraulic drive configurations
used in offshore crane winches, and their effect on the reliability of the driven gearbox, as the most critical
component in the drivetrain, is analysed. It was found that electric drives produce in general ripples of
smaller magnitude (between 0.44% and 1.07% of static torque for electric compared to between 3.12%
and 3.30% for hydraulic), which enhances the reliability of the driven gearbox (1.25% to 3.44% reduction
in lifetime due to electric ripples, and 9.29% to 9.67% due to hydraulic ripples in comparison to an ideal
torque source with no ripples). However, depending on the design and number of pumps in use, the size
of the hydraulic torque ripple can have a wider range of between 1.31% and 7.69% and the subsequent
reduction in lifetime compared to the ideal case ranging between 4.07% and 21.37%.
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1 Introduction temperatures down to -40°C with working depths of
up to 4,000 m and a safe working load capacity of up
to 600 tonnes (MacGregor, 2019) and are in most cases
equipped with Active Heave Compensation (AHC) ca-
pabilities which compensate the heave motion of the

Offshore crane winches are equipment installed on sea
vessels and designed for accurate lifting and lowering
of payloads at subsea levels in all conditions, including
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ship by rotating the winch drum with the same magni-
tude but opposite direction of heave motion (resulted
from sea waves) in order to decouple the carried pay-
load from the ship motion and keep the payload mo-
tionless relative to seabed. To actuate the winch drum,
hydraulic or electric drives are commonly used. A sim-
plified schematic of an AHC offshore crane winch can
be seen in Figure 1.

Winch

Figure 1: Simplified schematic of an AHC offshore
crane winch

Due to the large financial risk associated with its fail-

ure in open sea and the logistical difficulty and cost of
its maintenance, reliability of the offshore crane winch
comes at the forefront of the design and maintenance
processes of its drivetrain. Therefore, knowledge of
different system influences on the drivetrain reliability
is necessary, among which is the type of drive used to
actuate the winch. Although electric-driven winches
have been around for a while, they have recently seen
a surge in popularity owing to advances in control
technology which made using AC motors possible with
high efficiency (70 to 85% peaks) and other advan-
tages compared to hydraulic drives such as lack of oil
reservoir and lower noise (Farsakoglu et al., 2022).
Due to the recent commonality of use of both types
of drives in offshore crane winches, a comparison of
their effects on the system from a reliability viewpoint
has not been studied before, where the electric-driven
variant is particularly not studied enough (Woodacre
et al., 2015). A previous comparison of the effects
on reliability of an offshore crane winch as a result
of another new trend (ie. opting for fibre instead of
steel ropes for handling of the palyoad) was studied in
(Yousri et al., 2020).

System simulations of the offshore crane winch have
been made in (Bjonnes and Moe, 2012), where it was
found that an all-electric offshore crane winch was
better at controlling the winch drum motion while
minimizing backlash than a similar hydraulic crane
winch. Subsequent effect of this on the reliability of
the system was not studied. In (Gu et al., 2012) a
simulation model of a hydraulic active heave compen-
sation system was developed and in (Aly, 2012), it

was found that it is difficult to achieve high-precision
tracking performance in hydraulic offshore crane
winches using only linear PID controllers due to the
high nonlinearities in the system, and a Model Refer-
ence PID (MR-PID) control strategy was proposed,
which is an adaptive control methodology that com-
putes control actions to make a non-linear controlled
system track the behavior of a given reference plant
model (Model Reference) to improve the performance
of a PID controller. Other papers were focused on
developing advanced control techniques like Model
Predictive Control for AHC winches, which relies
on a system model to determine optimal controller
output by solving a quadratic optimization problem
in order to reduce the control phase lag inherent in
PID-controlled systems (Entao et al., 2009) (Deppen
et al., 2011).

Pertaining to the breadth and depth of research
done into winch compensation, and the availability
of advanced control techniques which can achieve
almost perfect compensation performance, the issue
of compensation will not be the topic of this paper
and equally adequate control performance will be
assumed for both hydraulic and electric drives. Once
this is established, hydraulic and electric drives are
known to produce dynamic torque ripples that are
a function of the inherent characteristics of their
components (ex. axial piston pumps, frequency con-
verters). These ripples may induce additional stress
on the drivetrain components, thereby reducing their
lifetime (Xia et al., 2011) and have been the subject
of numerous studies (Guan et al., 2014) (Zhang et al.,
2017) (Kennel et al., 2004) (del Toro et al., 2005)
that attempt to numerically simulate them as well as
reduce their size for both hydraulic and electric drives.
The effects of these ripples on a system level have been
studied from a Noise-Vibration-Harshness (NVH)
viewpoint in applications where low noise and driver
comfort are most important such as in agricultural
tractors (Pasch et al., 2020) and electric vehicles (Mao
et al., 2017). Tt was found in (Pasch et al., 2020)
that pressure pulsations from the hydrostatic unit
propagate through the tractor’s structure, causing
vibration and noise. In (Mao et al., 2017), it was
found that the torque ripple of an electric vehicle’s
in-wheel PMSM motor is prone to arouse horizontal
vibration contributing to NVH problems in the vehicle.

The objective of this paper is to quantify the torque
ripple behaviour of typical electric and hydraulic drive
configurations used in offshore crane winches in terms
of magnitude and give an evaluation of the ripple in-
fluence on the reliability of the driven gearboxes, as
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Figure 2: Classification of commonly used drives in offshore crane winches

the most critical components of the drivetrain (Woell
et al., 2017). Subsequentially, a conclusion can be
made about the extent of improvement in reliability
resulting from electrification of the winch in terms of
the ripples. In the next subsections, common elec-
tric and hydraulic drive configurations used in offshore
crane winches are discussed and the underlying theory
behind the torque ripples explained. An overview of
drives used in offshore crane winches can be seen in
Figure 2.

1.1 Hydraulic drives

Ever since the first commercial AHC offshore crane was
rolled out in the early 1980s (Sullivan et al., 1984), hy-
draulic drives were used for actuation and are up to
this point the more commonly used type of drives as
they provide the highest power to weight ratio of any
actuator currently on the market which can be appeal-
ing when deck space is limited. Since they are well-
established, their troubleshooting and repair is also
easier in comparison to electric drives. However, prob-
lems such as lower efficiency and oil leakage make it
more attractive to switch to electric drives in light of
environmental regulations, hence the recent popularity
of the latter. As seen in Figure 2, traditional hydraulic
drives in offshore crane winches come in the following
forms:

e Primary controlled closed-circuit (Hydraulic 1),
where the pumps have variable displacement and
are controlled to supply as much flow as needed to
rotate the winch drum at a given time. The ad-
vantage of this variant over the latter is a higher
efficiency due to the oil staying within the closed
system and not being lost to the tank when the

flow is not needed at a given moment. The setup
of this variant allows for energy regeneration as
the motors/pumps can operate in the four quad-
rants. A simplified schematic of this variant can
be seen in Figure 3.
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Figure 3: Schematic of a primary controlled closed-
circuit hydraulic drive

e Secondary controlled open-circuit form (Hydraulic
2), where fixed-displacement pumps supply oil at
a constant pressure to variable-displacement mo-
tors which are controlled by a directional valve to
actuate the winch drum with the desired speed
and direction. The advantage of this variant over
the former is faster response times since the mo-
tors themselves are controlled (which are closer to
the load) (Albers, 2010). A simplified schematic
of this variant can be seen in Figure 4.

The most important components which make up a
hydraulic drive in offshore crane winches are the ax-
ial piston pumps and motors, whose design and work-
ing principle lead to large flow ripples as each piston
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Figure 4: Schematic of a secondary controlled open-
circuit hydraulic drive

in the axial piston machine periodically connects and
disconnects to the suction and discharge areas of the
valve plate (see Figure 5). These flow ripples can be
divided into three components, namely the kinematic
flow, inverse flow from discharge into piston chamber
and leakage flow. These components as well as their
governing equations are explained below.
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Figure 5: Schematic of an axial piston pump

Kinematic flow

The kinematic portion of the flow ripple for each indi-
vidual piston in the axial piston machine results from
the rotation of the piston around the drive shaft axis
as the fluid rushes into the piston during the suction
half while it is connected to the suction port, and then
rushes out of the piston during the discharge half as it
connects to the discharge port, completing one cycle,
without considering the effect of the discontinuity in
the valve plate geometry represented in the gaps be-
tween the suction and discharge ports. Eq. (1). gov-
erns this kinematic flow.

wrd?R, -
Qri = Ttanﬂ kz_;) sin(wt — ka) (1)

Here, Qy; is the kinematic flow for individual piston
in the axial piston machine. As seen in the equation,
the kinematic flow is proportional to the inclination an-
gle 3 of the swash plate, the piston pitch radius R,,, the
drive shaft rotational speed w and the piston diameter
d. The kinematic flow component makes up around 8%
of the total magnitude of the flow ripple according to
(Zhang et al., 2017).

Inverse flow

As a piston initially connects with the discharge port,
there is a significant pressure difference between the
pressure P,; inside the piston chamber, which is still
at the low suction pressure, and the pressure in the
discharge chamber P;. This pressure difference leads
to an inverse flow from the discharge chamber into the
piston, and is considered the most signifcant element
contributing to the flow ripple, making up around 88%
of its total size (Zhang et al., 2017) and is the focus
point of most research attempting to simulate the flow
ripples accurately including fluid compressibility and
design features aimed at reducing it such as a damping
hole (Guan et al., 2014) which pre-pressurizes the fluid
before connecting to the discharge chamber or a silenc-
ing groove (Mandal et al., 2008) which smoothens the
pressure gradient.

2|P; — P, .
Qi = WCdAkdszgn(Pd - Py)  (2)

Eq. (2). governs this inverse flow from the discharge
port into the piston for the entire cycle of rotation of
a single piston, and is a classic orifice equation taking
into consideration the variation of the discharge area
Apg relative to the valve plate geometry.

Leakage flow

Inside an axial piston pump, some leakage flow occurs
which helps lubricate parts which have relative motion
and it makes up around 4% of the total flow ripple size
(Zhang et al., 2017). As modelled by (Ivantysyn and
Ivantysynova, 2003), there are three types of leakage
which happen. First is the leakage flow through the
clearance between the piston and the cylinder block
which can be expressed as

3
7T7"hg

i = ——(FPpi
lc GMlcp( P

- Pc) (3)
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where hy is the oil film thickness between the piston
and the cylinder block, p is the kinetic viscosity of
the fluid, I, is the instantaneous overlap length of the
piston and the cylinder block and P. is the pressure
of the case chamber. The second type of leakage flow
is the leakage between the slipper and the swash plate
and is calculated as

([6d% In(R,/1,) + 128031,] - **

lei = - Pc)

(4)

where d;j, is the diameter of the piston leakage hole,
ds is the clearance between the slipper and the swash
plate, R and rs are the outer and the inner radii of
the slipper and [, is the total length of the piston.
The third and final type of leakage happens through
the clearance between the cylinder block and the valve
plate and is calculated as

53 1 1

Q= 12 |in(Ra/Ry) T n(Ra/Rs)

(Pd_Pc) (5)

where J,, is the clearance between the valve plate and

the cylinder block, R; and Ry are the inside and outside
radii of the inside valve plate seal ring, and Rz and
R, are the inside and outside radii of the outside valve
plate seal ring. Finally, the total leakage per individual
piston can be calculated as Q;; = Qe +Qisi, Where Qyy
can only be considered when calculating leakage for the
whole pump.

Piston chamber instantaneous pressure

During the course of one full rotation of a piston around
the drive shaft axis, the control fluid volume inside the
piston varies as a result of the variation of the three
flow components mentioned previously which leads to
a time-dependent variation in piston chamber pressure.
Eq. (6). is the differential equation for the pressure-
rise-rate in the piston chamber where E is the fluid bulk
modulus and V), is the instantaneous piston chamber
volume.

P, E
dt V;;c (Qk:z + sz - le)

(6)
Vpe = Vo — Ay Rptanf(1 — cosyp) (7)

Here, V} is the initial piston volume, A, is the piston
area and ¢ is the angle of rotation of the cylinder block.

Total flow, pressure and torque

Solving the set of differential and algebraic equations
eq. (1). toeq. (7). yields the individual piston flow
and pressure. To calculate the total discharge flow of
the pump (ie. flow going from piston into the discharge
chamber), the absolute value of the individual inverse
flows of all pistons are to be summed, where n is the
number of pistons in the pump.

Qp = |Qpil (8)
=1

Depending on the load carried and flow required, and
other system parameters such as pipe dimensions, a
pressure arises in the pipes transmitting flow to the
motors as a result of the system’s resistance to the
flow. Proportional to this pressure is the output torque
of the motors, as seen in eq. (9). below. It can be thus
seen how the pump flow ripples will be translated into
output torque ripples at the motors.

_ PDpnm

T
h 207

9)
Here, P is the pressure, D,, is the motor displacement
and 7,, is the motor efficiency.

1.2 Electric drives

There is evidence that electric-driven winches (non-
AHC) have been around as early as 1970, which were
using DC motors a while before the advancements in
motor control technology made it possible to control
AC motors dynamically on a mass scale. The first off-
shore crane winch driven by an AC motor dates back
to the early 1990s (Woodacre et al., 2015), and were
likely driven by a Variable Frequency Drive (VFD)
called the scalar VFD, which maintains a fixed volt-
age to frequency ratio to control speed and correct for
reduced motor impedance at lower frequencies. Scalar
VEDs cannot control current (and hence torque) inde-
pendently, and thus are not suitable for control of AC
motors in low speed/high torque applications requiring
high dynamics (Busca, 2010), such as in offshore crane
winches. Modern electric-driven offshore crane winches
use vector VFD techniques such as Field Oriented Con-
trol (FOC) and Direct Torque Control (DTC) which
can independently control torque and flux thus result-
ing in more accurate control in dynamic applications.
Modern VFDs also allow for energy regeneration which
leads to higher efficiency. Among the two methods,
Direct Torque Control is the control method of choice
for various offshore crane winch drives available on the
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market (ABB, 2013) (Danfoss, 2010) due to its higher
robustness in controlling quick torque dynamics and
simpler parameterization, where the drive is not sen-
sitive to parameter changes as well as being a sensor-
less method that does not need an external encoder to
measure speed and position which saves space and cost
(Begh and Herzog, 2018). In the following subsections,
the working mechanism of Direct Torque Control will
be explained, as well as how it results in torque ripples.
Trials to reduce these ripples in previous research will
also be mentioned.

DTC and torque ripples

DTC is a method of controlling AC drives that was
proposed by (Takahashi and Noguchi, 1986) and (De-
penbrock, 1988), as a result of a quest to avoid coordi-
nate transformation and design a control strategy that
is independent of the machine parameters as is the case
with FOC. What is being controlled here is an Induc-
tion Motor, whose governing equations can be referred
to in (Slemon, 1989). The aim of DTC is to control and
regulate the electromagnetic torque and flux of the ma-
chine in a decoupled manner. In order to do that, the
torque and flux of the motor are first estimated from
the voltage and current as follows in eq. (10). to eq.
(13). below.

do =02, + 42, (10)
I S I NEt)
bs = oLy L, 7" LsLy

3 - . 3pLm,
Tom = (s x i) = o sl lnl 6 (12)

where the stator flux components in the reference
frame («, ) are

t
lz)sa - / (vsa - Rsisa)dt
0

A . (13)
Ysp = / (vsp — Risp)dt
0
and the sector where the stator flux lies is
0s = arctan(iém) (14)
wsﬂ

Afterwards, the error between the estimated torque
and flux T, and s and the reference values T,
and 14« provided by the speed control loop is measured
with the goal of holding the magnitude of the torque
and flux within a narrow hysteresis band around the
reference values. The hysteresis comparator of the flux
(two-level) decides then if the flux needs to be increased
(1) or decreased (-1) while that of the torque (three-
level) decides if the torque should be increased (1), held
at the same level (0) or decreased (-1). These signals
are then the input to the switching table (see Table
1), together with signals of the stator flux sector 0 to
produce the appropriate inverter switching sequence
Sa, Sy, Sc to bring the flux and torque towards their
reference values. The switching sequence produces the
voltage vector in the («, 8) plane necessary to achieve
that (see Figure 6). This process can be imagined more
clearly by looking at Figure 7.

Table 1: Switching table of a classic DTC drive
(El Ouanjli et al., 2019a)

Sector 1 9 3 4 5 6
H, Hrpem  Voltage vector

1 1 V2 U3 V4 Vs Vg 1

0 v7 Vo U7 Vo U7 g

-1 Vg U1 V2 U3 on Vs

0 1 U3 V4 (% Vs V1 Vg

0 Vo U7 Vo v Vg ore

-1 Us Ve U1 Vo U3 U4

Qs(oa 0, 1)

Figure 6: Voltage vector in the («, 8) plane (Begh and
Herzog, 2018)
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Figure 7: Simplified schematic of a classic DTC drive
(El Ouanjli et al., 2019a)

Trials at reducing torque ripples

The method that was explained in the previous subsec-
tion is the so-called Conventional Direct Torque Con-
trol (C-DTC) method, which despite of its simplicity is
characterized by high torque ripples due to its highly
variable switching frequency where lower switching fre-
quencies particularly cause this problem. In order to
reduce the torque ripples, several methods were devel-
oped in recent years. In this subsection, two of these
methods will be shortly discussed, one older method
Direct Torque Control with Space Vector Modulation
(DTC-SVM) and one more modern, based on Artifi-
cial Intelligence, Fuzzy Logic Direct Torque Control
(FL-DTC). DTC-SVM is an adaptation to the C-DTC
method where the torque and flux hysteresis compara-
tors are replaced by PI controllers and the switching
table is replaced by a Space-Vector-Modulator (SVM)
to supply the correct switching states to the Volt-
age Source Inverter, which ensures a constant switch-
ing frequency, thus avoiding the problem with large
torque ripples associated with lower swtiching frequen-
cies common to C-DTC. A more detailed explanation
of this method can be referred to in (Hiba et al., 2013).
In (De Klerk and Saha, 2022), it was found that DTC-
SVM leads to an average reduction of 26 % in the size
of the torque ripple in an electric vehicle compared to
C-DTC. Likewise, FL-DTC is a more modern adapta-
tion to C-DTC where the switching table and hystere-
sis comparators of C-DTC are replaced with new selec-
tion tables based on a Fuzzy Logic Controller (FLC)
to improve dynamic performance by producing vector
voltage that drives the flux and torque to their set val-
ues optimally with smaller fluctuations. A more de-
tailed explanation of this method can be referred to in
(El Ouanjli et al., 2019b). Reasons why Fuzzy Logic
can lead to smaller torque ripples include the ability
to limit and adjust the torque hysteresis band in real
time according to the slope of variation of the esti-

mated torque (Uddin and Hafeez, 2010) as well as gen-
erally faster response in bringing the torque and flux
to their set values. It was found in (El Ouanjli et al.,
2019b) that using Fuzzy Logic leads to a reduction
of 47.7% in torque ripples compared to C-DTC. As
can be seen, although modern torque ripple reduction
techniques have been proved to reduce electromagnetic
torque ripples significantly, they still cannot eliminate
them completely as of yet.

2 Methods

In order to simulate the hydraulic and electromagnetic
torque ripples and their effect on the reliability of the
offshore crane winch, a system model of the winch is
built from the components described in the following
subsections. In subsection 2.6, the simulated load case
will be also described.

2.1 Winch

In Table 2, the properties of the simulated example
offshore crane winch are laid out. The parameters of
the drives shown in Table 3 to 6 are then calculated
such that they are able to actuate the winch at the
maximum load and compensation speed shown below,
however these calculations are out of the scope of this

paper.

Table 2: Offshore crane winch properties

Parameter Unit Value
Carrying capacity tons 150
Max. working depth m 3000
Max. AHC speed m/s 2
Winch radius m 1.15

Winch mom. of inertia kg - m? 151720

2.2 Hydraulic drives

In this paper, the primary controlled closed-loop (Hy-
draulic 1) configuration and the secondary controlled
open-loop (Hydraulic 2) configurations were chosen to
represent the hydraulic drive. The pumps/motors are
modelled based on physical components in the Sim-
scape environment of MATLAB/Simulink which are
built using the well-established and validated equations
for pump flow laid out in subsection 1.1. The param-
eters of the simulated hydraulic drive are laid out in
Table 3 to 5. In Figure 8, the build-up of the flow
modelling for one piston, connected to a swash plate
whose inclination is controlled to vary the pump (pri-
mary) or motor (secondary) displacement according to
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flow need is shown. The piston is also connected to the
two-halves of the valve plate, one for suction and the
other for discharge.

Table 3: General hydraulic drive parameters

Parameter Symbol Unit Value
No. of pumps - - 9
No. of motors - - 20
Qil viscosity I cSt 34.47
Oil bulk modulus E GPa 1.47
Pipe length lp m 10
Pipe diameter dp m 0.155

Table 4: Axial piston pump parameters

Parameter Symbol Unit Value
Pump displacement D, em3/rev 1000
No. of pistons n - 5
Piston area Ap m? 0.001
Piston stroke Sp m 0.2
Piston pitch radius R, m 0.2
Discharge orifice radius To m 0.005
Phase angle o rad 1.257
Discharge coefficient Cy - 0.65
Transition slot area Ay m? le-6
Table 5: Axial piston motor parameters

Parameter Symbol Unit Value
Motor displacement D,, em?/rev 250
No. of pistons n - 5
Piston area A, m? 0.001
Piston stroke Sp m 0.05
Piston pitch radius R, m 0.05
Discharge orifice radius To m 0.005
Phase angle @ rad 1.257
Discharge coefficient Cy - 0.65
Transition slot area Ay m? le-6

2.3 Electric drives

For the electric drive, the three variants of Direct
Torque Control (DTC) drives described in subsection
1.2 are simulated with the general parameters in Ta-
ble 6. Variant-specific parameters are shown in Ta-
ble 7 for C-DTC and in Table 8 for DTC-SVM. As
with the hydraulic drive, the electric variants have 20
motors each, connected together in a master-follower

Control signal

< /":L] Orifice B

> e R c N ) )
Shaft rotation < Suction flow
Swash plate <P A . G
G

Cylinder

AT AW

Orifice A Discharge flow

Figure 8: Flow modelling of a single piston using Sim-
scape components

configuration. The building block of the drive is the
pre-built MATLAB/Simulink block AC4 as described
in (Mathworks, 2012), which comes in both C-DTC
and DTC-SVM variants, but can also be made to work
as FL-DTC when replacing the hysteresis comparators
and switching tables of the C-DTC variants with Fuzzy
Logic Controllers. The Fuzzy Logic Controller used in
the simulation was built according to the method and
parameters in (El Ouanjli et al., 2019b).

Table 6: General electric drive parameters

Parameter Symbol  Unit Value
Nominal power P, kW 120
No. of pole pairs P - 2
Stator resistance R, ohms 0.01485
Rotor resistance R, ohms 0.01485
Stator inductance L H 0.0003
Rotor inductance L, H 0.0003
Mutual inductance Ly, H 0.01046
Speed control - P gain P, - 30
Speed control - I gain I, - 200

Table 7: C-DTC specific parameters

Parameter Unit Value
Max. switching frequency Hz 20000
Torque control - hys. bandwidth Nm 0.5
Flux control - hys. bandwidth Wb 0.01

2.4 Gearbox

In this paper, the gearbox is modelled as a simple rigid
beam, where the component loads are calculated from
the drive torque using transfer functions derived from
solving equilibrium of moments and forces on each of
the shafts. The gearbox modelled is a two-stage plane-
tary gearbox with an additional spur gear stage which
connects to the ring gear on the outside of the winch
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Table 8: DTC-SVM specific parameters

Parameter Unit Value
Switching frequency Hz 20000
Torque control - P gain - 1.5
Torque control - I gain - 100
Flux control - P gain - 250
Flux control - I gain - 4000

drum as seen in Figure 9. The winch drum, rope and
payload are modelled as masses and rotational inertias.

P —

0000 JJU\

Figure 9: Schematic of the crane winch drivetrain

2.5 Lifetime model

When the component loads are calculated from the
gearbox model, they are then used to calculate the
component, as well as the system (ie. gearbox) life-
time. The lifetime calculation of mechanical compo-
nents is based on the analysis and comparison of the
stress and strength of the component. The strength or
load capacity of components is evaluated using avail-
able standards (Bearings: DIN ISO 281, Gears: DIN
3390). The results of the load capacity calculation are
usual S-N curves. The lifetime model used in this paper
is based on (Neumann et al., 2016), where the compo-
nent loads are transformed into load spectrums using a
counting method specific for oscillating bearings (Woell
et al., 2018). By applying a damage accumulation hy-
pothesis on stress (load spectrums) and strength (S-N
curves) the damage sum for each investigated compo-
nent and subsequently the expected lifetime for each
component can be determined (Woell et al., 2017). A
schematic of the lifetime calculation methodology used
can be seen in Figure 10. From the calculated lifetime,
the failure probability of each component over time can
be described using a Weibull distribution with eq. (15).

F(t)=1— (=8 (15)

Here, T is the characteristic lifetime of the compo-
nent, to is the failure-free time and b is the component-
specific exponent. Later, the system (ie. gearbox) life-
time can be calculated from the individual component
lifetimes with eq. (16).

2.6 Load cases

For an equal comparison between the simulated drives,
the winch is subject to the following load cases shown
in Tables 9 and 10 for all simulations. The winch is
subject to sea waves that are assumed to be sinusoidal
in shape in order to make the analysis of the ripples
easier. In the first load case, the sinusoidal wave rep-
resents a smooth sea wave produced by a wind speed
of Level 2 on the Beaufort scale (light breeze) and in
the second load case, the sinusoide represents a mod-
erately high wave produced by a wind speed of Level
5 on the Beaufort scale (strong breeze) which puts the
AHC system near its speed limit.

Table 9: Carried load and working depth

Parameter Symbol Unit Value
Payload mass M kg 50000
Rope specific mass Mpec kg/m 25.49
Working depth L m 3000

Table 10: Load cases

Parameter Load case 1  Load case 2
Wind speed 2-3m/s 9-11 m/s
Wave amplitude 0.3 m 2.4m
Wave period 10 s 6 s

3 Results and Discussion

In this section, the ripple size and effect on the driven
gearbox lifetime (in comparison to an ideal torque
source with no ripples) will be shown and discussed in
subsection 3.1 for the main use case defined in section
2. Afterwards, the results of the sensitivity analysis
made on the parameters of the primary controlled hy-
draulic drive (Hydraulic 1) is shown in subsection 3.2.
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Figure 10: Reliability calculation approach (Neumann et al., 2016)

3.1 Main load cases

In Table 11, the ripple size, calculated as a percentage
of the static output torque of the motor as well as the
normalized lifetime of the driven gearbox (in compar-
ison to when using an ideal torque source to actuate
the winch) for all the simulated drive variants with the
parameters defined in section 2 are shown. In Fig-
ure 11, a 40 second long snapshot of the motor output
torques for the Hydraulic 1, FL-DTC and Ideal vari-
ants is shown for the sake of comparison. From Table
11 and Figure 11, it can be seen for Load case 1 that
for the electric drive variants, the ripple size ranges be-
tween 0.44% for the FL-DTC variant to 1.07% for C-
DTC with a subsequent reduction in lifetime of 1.25%
to 3.44% compared to the ideal case. The difference
in size of torque ripples among the electric drive vari-
ants falls in line with what is expected from the torque
ripple reduction techniques discussed in 1.2. For the
hydraulic drive variants on the other hand, a ripple
size of 3.12% is seen for the Hydraulic 2 variant and
3.30% is seen for the Hydraulic 1 variant with a subse-
quent reduction in the driven gearbox lifetime of 9.29%
and 9.67% respectively. The reason for the difference is
that the additional torque spikes (see Figure 11) seen
in the Hydraulic 1 variant when changing the winch’s
direction of rotation are not present with the Hydraulic
2 variant due to a faster response time of the latter. As
for Load case 2, the same trends persist although with
slightly larger torque ripples resulting from lower qual-
ity in controlling the winch speed under higher wave
acceleration, however this is merely a limitation of the
simulation models used and should not arise under real
conditions where controllers are designed to work with
high accuracy under the full range of winch speed.

3.2 Sensitivity analysis

After establishing in subsection 3.1 that electric drives
produce smaller ripples than hydraulic drives, it is nec-
essary for a full picture to carry out a sensitivity anal-
ysis on the main design parameters of the hydraulic
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Figure 11: Motor output torque for Hydraulic 1, FT-
DTC and Ideal variants (Load case 1)

drive in order to see if it can get any close to elec-
tric drives in the size of its ripples when optimizing
its design. Therefore in this subsection, a few param-
eters which are expected to have an influence on the
hydraulic torque ripple are swept within their design
boundaries to study their effect.

Pipe diameter d,

When thinking of parameters that can influence the
size of the hydraulic torque ripples, the diameter of
the piping transmitting the fluid in the drive is one
of the most obvious, as it plays a role in determin-
ing the amount of resistance to fluid flow that there
is in the system, and thus the pressure build-up. As
a general recommendation, flow speed in the pressure
pipes of a hydraulic drive should be kept in an optimal
range between woyper = 7.25 m/s and Uypper = 9 m/s
when dealing with pressures up to 350 bar. From that,
the range of pipe diameters that are considered a good
compromise between low power losses and cost /size can
be calculated from the following formula (Paul Forrer
AG, 2011)



Yousri et al., “Effect of electrification on the quantitative reliability of an offshore crane winch”

Table 11: Ripple percentage and influence on gearbox lifetime of the simulated drive variants

Load case 1

Load case 2

Drive
Ripple [%)] Lifetime [-] Ripple [%] Lifetime [-]
Ideal 0 1.0000 0 1.0000
FL-DTC 0.44 0.9875 0.73 0.9784
DTC-SVM 0.65 0.9808 0.94 0.9707
C-DTC 1.07 0.9656 1.91 0.9427
Hydraulic 2 3.12 0.9071 3.26 0.9056
Hydraulic 1 3.30 0.9033 3.42 0.9008
Table 13: Effect of piston orifice radius on ripples and
4.61 Qmaz < d, <461 Imaz (17) gearbox lifetime
tower Uupper ro [m] Ripple [%)] Lifetime [-]
In order to achieve the maximum hoisting speed of 0.003 1.31 0.9593
the winch, a maximum flow of g4, = 8813.35 L/min 0.004 2.13 0.9351
through the piping is calculated. Substituting the 0.005 3.30 0.9033
speeds into the equation, we find that 0.145 m < d, 0.006 4.71 0.8639
< 0.165 m is an optimal range for the pipe diameter. 0.007 5.03 0.8524
Therefore, the pipe diameter is sweeped within these 0.008 7.69 0.7863

boundaries in Table 12. From the results in Table 12,
it can be seen that increasing the pipe diameter within
the limits of what is considered optimal in terms of
low losses and cost offers less resistance to flow in the
system, and thus smaller pressure and subsequentially
smaller torque ripples.

Table 12: Effect of hydraulic pipe diameter on ripples
and gearbox lifetime

d, [m] Ripple [%] Lifetime [-]
0.145 4.21 0.8753
0.150 3.81 0.8893
0.155 3.30 0.9033
0.160 2.84 0.9160
0.165 2.49 0.9259

The effect of sweeping the pipe diameter d, can be
more clearly visualized in Figure 13a. It can be seen
that sweeping the pipe diameter within the limits cal-
culated using eq. (17) leads to a deviation in lifetime
of -3.10% and +2.50% from the original value.

Piston orifice radius r,

One of the piston parameters that is expected to have
a large influence on the ripples is the piston orifice ra-
dius 7, which connects the piston to the valve plate’s
dischage and suction chambers. The effect of this pa-
rameter on the ripple size and gearbox lifetime can be
seen in Table 13.

As can be seen in the table, having a smaller orifice
radius significantly reduces the ripple size (and thus in-
fluence on lifetime) theoretically as it leads to a smaller
discharge area A4, which, as seen in eq. (2)., plays a
role in the amount of inverse flow going into the pis-
ton chamber, where a smaller discharge area leads to
a smaller inverse flow and thus a smaller flow ripple
and subsequentially pressure and torque ripples. How-
ever, it is important to note that factors like difficulty
and cost of manufacturing such small orifices as well as
other phyiscal and design limitations are not consid-
ered here. Very small orifices can lead to cavitation or
hinderence of flow as well as being difficult and costly
to manufacture due to machining limitations. In Fig-
ure 13b, the effect of sweeping the orifice radius r, can
be more clearly visualized. It can be seen that the
orifice radius has a more pronounced effect on lifetime
than pipe diameter, where sweeping it within accept-
able limits leads to a change in lifetime of the driven
gearbox between -12.95% and +7.6% compared to the
original value.

Pump asynchronization

Another parameter that can potentially influence the
size of the hydraulic flow (and hence torque) ripple is
how much in or out of phase the individual pumps in
a hydraulic drive are running relative to one another,
with an expectation that running every pump with a

11
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180° phase shift (inverse) to the next pump can help
reduce the ripples. In this subsection, the influence of
this on the total flow as well as torque ripple in the
simulated hydraulic drive 'Hydraulic 1’ containing 9
pumps is investigated.

Table 14: Effect of pump phase shift on ripples and
gearbox lifetime

Phase shift [°] Ripple [%] Lifetime [-]
0 3.30 0.9008
180 3.18 0.9071

As can be seen in the Table 14, the 180° phase shift
only minimally reduces the size of the torque ripple
and thus results in a slightly better lifetime. This can
be explained by looking at the shape of the total pump
flow @) for a single pump in Figure 12a, characterized
by the double peak related to the pump’s total kine-
matic flow Qi as well as the periodic spikes related
to the inverse flow when the pistons connect with the
suction or discharge ports. In Figure 12b, the flows of
Pump 1 and Pump 2 in the drive (which are out of
phase) are shown side-by-side. It can be clearly seen
that when added together, they will not cancel out as
opposed to when using pumps with single pistons that
would produce a more sinusoidal flow shape.

Figure 12¢ and Figure 12d show the total flow of
all 9 pumps with no phase shift, and with 180° phase
shift respectively. The phase shift results in a slightly
smaller flow ripple amplitude as well as double the
amount of periodic spikes related to the inverse flow.
Between Figure 12a and Figure 12c¢, it can be seen
that with 9 pumps, the flow of every individual pump is
summed. From here, it can be suggested that whenever
possible, using a smaller number of pumps can help re-
duce the size of the flow, and thus torque ripples. For
example, for the first load case, it was calculated that
only 3 pumps are necessary to provide enough flow to
actuate the winch and achieve full heave compensation.
In Table 15 and in Figure 13c, it can be seen that the
ripple size decreases linearly when using less pumps si-
multaneously as less flow ripples of individual pumps
are summed. However, in an application with heavy
handled loads like the offshore crane winch, operat-
ing in environments with relatively high waves (North
Sea), it is likely that the full capacity of pumps will
need to be used at once for AHC compensation most
of the time.
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Table 15: Effect of number of pumps in use on ripple
size and lifetime

No. of pumps [-] Ripple [%] Lifetime [-]
3 0.86 0.9733
4 1.32 0.9593
5 1.78 0.9453
6 2.24 0.9300
7 2.70 0.9198
8 3.16 0.9071
9 3.30 0.9033

4 Conclusion

In this paper, the theory behind drive-induced torque
ripples for electric and hydraulic drives was intro-
duced, after which the ripples were simulated for com-
monly used electric and hydraulic drive configurations
in offshore crane winches and their effect on the crane
winch’s driven gearbox lifetime was studied. Finally,
a sensitivity analysis was made for the hydraulic drive
to study the extent to which their torque ripples can
reduced in comparison to electric drive ripples. It was
found that for the given use case and simulated drives,
hydraulic torque ripples range from 1.31% to 7.69% in
size as a percentage of the applied static torque, de-
pending on the chosen design parameters, causing a
subsequent reduction in lifetime of 4.07% to 21.37%
compared to the ideal case. On the other hand, elec-
tric torque ripples range from 0.44% to 1.07 % in size,
causing a subsequent reduction in lifetime of 1.25% to
3.44% compared to the ideal case. In addition, it was
found that pump asynchronization in hydraulic drives
does not significantly reduce the torque ripples, how-
ever using a smaller number of pumps when load de-
mand allows can help reduce the size of the torque
ripples. From these results, a conclusion can be made
for the specific application and use cases simulated that
switching from hydraulic to electric actuation of an off-
shore crane winch would lead to enhancing the lifetime
of its drivetrain for the same size of gearbox compo-
nents or would alternatively allow for using a down-
sized gearbox to achieve the same level of reliability as
a result of the smaller, less damaging torque ripples of
electric drives, thus potentially saving costs.

5 Future Work

So far the magnitudes of the drive-induced torque rip-
ples and their effect on the driven gearbox’s lifetime
has been studied, assuming a gearbox with rigid com-
ponents. For a more general conclusion on the effect
of these ripples, it would be also interesting to study
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Figure 12: Flows of a (a) single pump, (b) two out of phase pumps, (c) total flow of all pumps in phase and (d)

out of phase

the extent to which these torque ripples are damped
or resonated in the driven gearbox as a result of the
interaction of the ripple frequencies with the drive-
train’s eigenmodes under typical operating conditions.
For such an analysis, the gearbox component flexibili-
ties would need to be modelled using a Multi-Body-
Simulation (MBS) software. The end result of this
analysis would be a derived load factor with which
an ideal torque signal can be multiplied to produce
the same effect on lifetime as the actual simulated
drive torques without the need of time-intensive co-
simulation of the drives and gearbox and which can
aid in design.
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