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Abstract

Offshore winches commonly use conventional hydraulic drives, which are
characterized by low energy efficiency. Digital displacement motors have
shown promise for improving the energy efficiency of winch drive applica-
tions as they utilize digital valves for their operation. This paper compares
the performance of a novel digital hydraulic winch drive and a conventional
hydraulic winch drive with respect to their ability to control the load position
of a commercial offshore knuckle-boom crane accurately. The considered
digital winch drive consists of a digital displacement motor that operates
in parallel with an electric motor. The power rating of the electric motor is
small compared to that of the hydraulic motor, and its role is to smooth out
the torque output of the digital displacement motor. The analysis shows that a
smoother torque output reduces valve switchings and, therefore, increases the
digital displacement motor’s volumetric efficiency. The drives’ performance
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is evaluated via simulations in four scenarios with varying conditions. The
digital drive exhibits enhanced accuracy, achieving up to a 24 mm reduction
in maximum load position error in three test scenarios, and performs com-
parably to the conventional drive in the fourth. Notably, the digital system
controls the load with greater smoothness and fewer oscillations. These
findings suggest that a digital displacement motor operating together with
an electric motor presents a promising alternative for offshore winch drive
applications.

Keywords: Digital hydraulics, winch drive, offshore, energy efficiency,
valves.

1 Introduction

Winch drives are widely used by the offshore industry to control crane loads
in subsea applications related to gas and oil but also for the offshore wind
industry. In recent years, there has been an increasing interest in improving
the energy efficiency of offshore winch drives in an effort to meet modern
environmental criteria. An example of an offshore crane that utilizes a winch
drive system for its operation is shown in Figure 1. The illustrated crane
is rated for lifts up to 150tons, and it is produced by NOV, a globally
acknowledged manufacturer of equipment for offshore applications [30].
Traditionally, offshore winch drives have predominantly been hydraulic,
which are known for their relatively low energy efficiency. In response
to the growing imperative for sustainable operations, the offshore industry
has been progressively pivoting toward the development of electric winch
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Figure 1 Offshore knuckle-boom crane from NOV placed on land. It is rated for loads up to
150 tons. Also shown in [6].
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drives, especially for small scale drives. However, hydraulic systems offer
certain benefits that would be challenging to replicate with electric drives [5].
Hydraulic motors have a significantly higher power to volume output ratio
compared to electric motors. This characteristic allows hydraulic drives to
be more compact, thus reducing the drive’s footprint on the limited and
costly deck space. Furthermore, hydraulic motors excel in their ability to
sustain intermittent, discontinuous, or extended high-torque demands without
degradation in performance. Therefore, there is an interest within the industry
to develop hydraulic winch drive systems that can rival the energy efficiency
of their electric counterparts.

Digital Displacement Motors (DDMs) represent a promising advance-
ment in hydraulic technology by offering scalability and increased energy
efficiency compared to conventional hydraulic systems [5]. Unlike tradi-
tional variable displacement hydraulic motors, which continuously adjust
their displacement to control power output, DDMs utilize digital valve pairs
to control each chamber individually. By precisely managing each valve’s
actuation, DDMs can achieve a high degree of control and efficiency, espe-
cially in part load operation, where the energy loss is much lower than for
conventional drives. Several publications provide a thorough overview of
the digital displacement technology, outlining its potential and development
history [3,10,32,34,35]. Numerous studies and real-world applications have
also demonstrated their superior energy efficiency in applications [13] such as
off-road vehicles [8,9, 14, 16], suspension systems [38,40], and wave energy
converters [1,31]. However, there is limited research on utilizing DDMs for
offshore winch drive applications.

Larsen et al. [15] showed experimental results that considered a winch
driven by DDMs. However, they only considered a unique control method
suitable for very low speeds, which was referred to as creep mode. The
method controlled the pistons in a manner that allowed the shaft to move
from one moment of equilibrium to the next. This allowed the motor shaft to
move in a step-wise fashion, with each step corresponding to approximately
0.01rad. The method was considered unsuitable for normal winch drive
operation, which involves higher velocities. Nordas et al. [25, 26, 28, 29]
have extensively studied the use of DDMs for offshore winch drive appli-
cations. In their earlier works [25, 26], they provided an initial comparison
between a digital and a conventional hydraulic winch drive, focusing on
closed-circuit, pump-controlled systems. Their findings highlighted the dig-
ital hydraulic drive’s superior performance regarding reduced load position
error and increased energy efficiency. However, this research only considered
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constant gravitational torque on the load side. Expanding upon this, [28]
proposed a PID-controller to control the DDM’s displacement. This research
incorporated a more detailed load-side dynamic model, accounting for wave-
induced disturbance, friction, and wire elasticity. The results showed that the
digital winch drive maintained a position error below 50 mm throughout the
tests under the influence of a disturbance with a peak-to-peak amplitude of
approximately 2 m. Later, the same authors [29] conducted a comparative
analysis of various control strategies for digital hydraulic winch drives aimed
at precise winch position control and minimization of load position errors.
The considered control schemes included a PI controller with inverse dynam-
ics feedforward compensation, a sliding mode controller, and an adaptive
controller. While the sliding mode and adaptive controllers showcased the
smallest position error, they penalized energy efficiency due to frequent
valve switching. The studies by Nordas et al. provide useful insights into
the performance of DDMs in offshore winch drive applications. However, the
displacement control strategy that was utilized to control the DDM, presented
in [27], relies on switching a piston’s valves simultaneously, which results in
significant volumetric losses [7]. Secondly, the authors did not consider a
commercial offshore winch drive for comparison.

This paper investigates whether a highly energy-efficient digital winch
drive can achieve load control precision that is comparable to or superior to
a conventional hydraulic winch drive by comparing their control precision
across different operating scenarios. The considered commercial drive is the
winch drive indicated in Figure 1 and it is modeled and controlled based on
publications made by Moslatt et al. with NOV [19] and information provided
directly by NOV. The digital hydraulic winch drive’s design is based on the
commercial winch drive and was developed over several publications by
Farsakoglou et al. [4, 6, 7]. In [4], the authors presented a methodology for
selecting the digital valve specifications that allow the DDM to operate with
high volumetric efficiency. The displacement control scheme that allows the
DDM to respond sufficiently fast for the chosen application was presented
in [7]. The number of pistons that is required to limit the DDM’s oscillatory
torque output and control the load with the desired accuracy was determined
in [6]. For this study, an electric motor is added, which operates in parallel
with the hydraulic DDM and further smooths out the drive’s torque output
and increases the drive’s control accuracy. It is shown that the addition of
the electric motor also reduces the number of times that the digital valves
switch states, thus increasing the drive’s energy efficiency. It is noted that the
electric motor can be small in size, as it is only used for control purposes.
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The idea of using hydraulic actuation to transmit the majority of power and
electric actuation for modulation was also exploited in the Hybrid Hydraulic-
Electric Architecture (HHEA) [17]. Simulation results from four different
considered cases demonstrate that the digital winch drive’s precision in load
control matches and often surpasses that of traditional hydraulics. Thus, the
results show that a digital hydraulic winch drive can offer superior load
handling while drastically increasing energy efficiency whether the electric
motor is included or not. Moreover, the proposed DDM can control the winch
without the need for a gearbox, which is considered an unreliable component
and is often the source of system failures. The addition of an electric motor
further increases energy efficiency by reducing the number of required valve
switchings.

This paper is organized as follows: Section 2 describes the mathemat-
ical models for simulating the dynamics of the load side, the conventional
hydraulic drive, and the digital hydraulic winch drive. Section 3 introduces
the digital displacement control strategies that are employed to regulate the
displacement of the DDM. To reduce simulation time, Section 4 proposes a
simplified model of the DDM’s torque output. The utilized control schemes
for both the conventional and digital hydraulic winch drives are presented
in Section 5. Further, Section 6 describes the different testing conditions
that are used to compare the performance of the two drives. The results of
the simulations are shown and compared in Section 7. Thereafter, Section 8
discusses the benefits and limitations of the digital hydraulic winch drive.
Finally, the study’s conclusions are summarized in Section 9. A list of the
abbreviations that were used in this paper is found at the end of the article.

2 Simulation Models

The following subsections describe and present the models that were used
to model the commercial winch drive, digital winch drive, winch drum
dynamics, and the effects of the offshore environment on the system.

2.1 Load Side Dynamics

The load side model considers the dynamics of the winch drum with the
load underwater while the crane is under the influence of heave motion. The
equations that are presented here are defined based on Figure 2 while the
parameters are given in Table 1. The sea waves cause the ship to oscillate,
which in turn causes the crane’s tip to oscillate relative to the seabed.
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Figure2 Load side dynamics (left), free body diagram (middle), and kinetic diagram (right).

Table 1 Load side dynamics parameters

Parameter Description Value Unit
Rarum Winch drum radius without wire 1260 mm
Jdrum Inertia of the winch drum without wire 200000 kg m?
E Young’s modulus of steel 205 GPa
Awire Wire’s cross section area 3427 mm?
lwire,maz Total wire length 3000 m
Pwire Wire mass per meter 26.9 kg/m
g Gravitational acceleration 9.81 m/s’
Psea Sea water density 1025 kg/m®
Psteal Steel density 7850 kg/m3

However, due to the crane’s dynamics, the ship’s movement and the crane
tip’s movement are not identical. The vertical oscillation of the crane’s tip,
htip, is compensated by the winch drive. However, as this paper does not
consider the dynamics of the crane, it is assumed that the winch is placed at
the tip of the crane and oscillates vertically. Furthermore, the model assumes
that the main wire dynamics can be sufficiently captured by modeling the
wire as two equal masses that are connected by a spring and damper system.
The two wire masses are assumed to have a rigid connection to the winch
drum and load, respectively. Finally, the load’s position, denoted as x;,44, 1S
measured from a fixed point relative to the seabed, which corresponds to the
crane’s tip position when not affected by heave motion.
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The winch drum angular acceleration 6., and the load’s linear acceleration
#1oaq are defined using Newton’s 2" law yielding:

T — Tfm - wa - (Fsd + Fp1 — }.Ltipmwl)Rw
Jers

5 _ Fsa+ Fy — Fa = Far — Fing 2)
foad Mioad + Maw?2

O = (1)

where R,, denotes the effective drum radius, F; the wire force, F},1, Fino,
and F's the gravitational force acting on the upper wire mass, the lower wire
mass, and the load, respectively. J. ;s denotes the effective drum inertia, Fj,
the load buoyancy, and F}; the load drag. The variables hy;p, htip, and 'flt,'p
denote the crane tip’s position, velocity, and acceleration due to the induced
net heave motion and are further explained in Eq. 12-14.

As the winch drum rotates, it unwinds or retracts wire; therefore, the drum
loses or gains mass depending on the direction of its rotation, resulting in a
variable drum inertia. As the wire is wrapped around the drum in layers, as
shown in Figure 3, the effective winch drum radius R,, is also variable. How-
ever, each layer contains approximately 200 m of wire while the load moves
at speeds up to 8 m/min. Thus, the drum radius is assumed to remain constant
during the simulations. Therefore, the radius of the winch drum needs to be
considered only during initialization to correspond to the appropriate wire
layer depending on the amount of wire that has been released. The wire’s
elasticity is modeled by a single spring and damper system as suggested by
DNV [2]. Thus, the mass of the released wire is divided into two equal parts:

My = Myl + My  Where my1 = my2 3)

Wire layer

Figure 3 Winch drum’s wire layers illustration.
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where the upper mass m,, is assumed to be rigidly attached to the drum, and
My rigidly attached to the load. Thus, the drum’s inertia is defined as:

Jeff = Jarum + Jwire + mwlR?U “)

where Jg.,, represents the drum inertia without the wire, including the
inertia from the motor’s shaft and gears. The wire inertia that is wrapped
around the drum J,;... is defined as:

1
Jwire - i(lwiramax - lwire)pwire(R?ﬁum + R?y) (5)

where [,,;-. denotes the amount of released wire. The force produced by the
spring and damper dynamics can be defined as:

Foa = (R’wew — Tload + h’tip)kr + (Rwéw — Zload + htip)Br (6)

where éw denotes the drum’s angular velocity, 6,, the drum’s angular position,
Ti0ad the load’s linear velocity, and x;,,q the load’s position. The wire’s
stiffness is given as:

EAwire

lwire

ky = )

The damping coefficient is defined from [39]:

B, =2¢ V kg ®)

where the damping ratio ¢ = 0.95 is chosen for an underdumped system [22].
The seawater effects on the load can be identified by a buoyancy force F}, and
a drag force F; as defined in [2].

1
Fy = Psead <‘/load + 2Awi'relwire> 9
1 . .
Fy= §pseaCdAload|$zoad!$load (10)

where Vj,.q is the load’s volume, and A;,.q the load’s shadow area. The
considered load is assumed to consist mostly of steel parts with some cavities
that fill up with seawater when submerged. Therefore, the load density pjqq
is defined as:

Pload = 0-7psteel + 0~3psea (11)
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The load is assumed to have a rectangular box shape, with a fixed height of
3 m, while the load’s shadow area varies depending on the load’s mass.

When operating offshore, the crane’s tip oscillates vertically due to the
ship’s movement. This oscillation is attributed to the ship’s heave, pitch, and
roll motions, which are caused by sea waves. The net heave motion disrupts
the ability of the operator to handle the load accurately with respect to another
surface, such as the seabed. Accurate estimation of heave motion requires
knowledge of the sea state, the ship’s response amplitude operators (RAO),
and the structure of the crane. A sea’s state is typically sufficiently modeled
with a JONSWAP wave spectrum; however, RAO and crane models can be
difficult to obtain. For this study, previous analyses have shown that it is
sufficient to approximate the heave motion on the crane’s tip hy;;, as a sum of
sine waves:

2 2
hiip = H 4 sin <th> + Hpsin <J;t> (12)

where the first sine wave has an amplitude of /4 = 1 m and a period of T’y =
13 s and for the second sine wave Hp = 0.3m and T = 5s. This method
for modeling the heave motion results in a repetitive heave motion; however,
this does not influence the results of this study as analyses have shown that
this method sufficiently captures the main dynamics of heave motion that
are produced from a JONSWAP spectrum. The crane’s tip velocity A, and
acceleration ﬁtip due to heave motion are given as:

. 2m 2m 2m 2m
htip = HA?A cos <TAt> + HB?B cos <TBt> (13)

. o\ 2 2 o\ 2 2T
v =—Hp | — in|—t)—-Hg|— in|— 14
hiip A (TA> sin <TA t) B <TB> sin <TB t) (14)

Equations (12-14) are visualized for a time period of 51 s in Figure 4.

2.2 Conventional Drive

The conventional drive is divided into two subsystems: the active and the
passive. These are indicated by dashed boxes in Figure 5. The control
methodology for the drive is explained in Section 5. The subsystems operate
in parallel, with the passive system maintaining a quasi-constant pressure and
adjusting the motors’ displacement to produce a constant torque to negate the
gravitational torque produced by the load. A double-piston accumulator is
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Figure 4 Crane’s tip heave motion dynamics over 51 s.
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Figure 5 Conventional active/passive hydraulic winch drive schematic, inspired by [6].

employed to enhance the passive subsystem’s capacity to sustain a nearly
constant pressure drop across the motor. The active system is tasked with
following the operator’s input while compensating for friction and the heave
motion. The active system is pump-controlled, while the motor’s displace-
ment is only altered when the winch drum’s radius changes [22]. Every motor
is equipped with a gearbox that increases its torque output and reduces its
speed. An additional torque increase is achieved via a pinion-to-ring gear
connection, which connects the motor shafts to the winch drum. The model
for the conventional drive is defined based on the work of Moslatt, who has
published several experimental studies for the considered drive [18,20-22]
and developed a digital twin for a similar drive [23]. The parameters for the
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Table 2 Winch drum’s variables and parameters

Parameter Description Value Unit

Hydraulic drive specifications

N, act Number of active motors 3 -

N pass Number of passive motors 8 -
Dy, Max. displacement of motors 215 cm®/rev
D, Max. displacement of pumps 855 cm®/rev
Wp Angular velocity of active pumps 1800 rpm
Boil Effective bulk modulus of oil 8000 bar
V Hydraulic line volume 22 1
Ygear Total gear ratio 479 -

Accumulator specifications

Tace,maz Maximum piston stroke 2152 mm
Vo,chamb Accumulator chamber dead volume 18.9 1

Ap Piston-side surface area 2463 cm?

A, Rod-side surface area 1756 cm?
D0,gas Gas charge pressure 207 bar
Vo,gas Gas volume 4675 1

M, Piston’s mass 1387 kg
Bace Piston’s viscous friction 10* Ns/m
Cace Accumulator orifice flow coefficient 1274  1/min/+/bar

conventional drive are found in Table 2. The pressure dynamics of the active
and passive subsystems are given as,

ﬁoil

pA,act = 7 (Qp,act — Qm,act — Cact,leakApact) (15)
. _ 50’ll A
Pact,B = 7 (Qm,act — 4p,act + Cact,leak pact) (16}
. _ ﬂozl A
Ppass,A = 7 (Qp,pass — 4m,pass — Cpass,leak Ppass — QA,acc) (17)
Boil

ppass,B = 7 (Qm,pass — dp,pass + Cpass,leakAppass - qB,acc) (18)

where Apger and App,ss are the pressure drops from the A-line to the B-line
for the active and passive systems, respectively. The flow from the motors and
pumps is given in a general form by Equation (19),

qr = Nywr Dy (19)

where N, is the number of motors/pumps, w, the angular velocity, D,
the displacement, and «,; the normalised swash plate displacement. The
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subscript £ may represent either pumps or motors for the active and passive
subsystems, e.g., when considering the pumps of the passive system, then
the subscript £ = p, pass. The response of the motor/pump swash plate is
modeled as a second-order transfer function:

w2

= e 20
O 82+2<nwn755+'w%7ﬂ ( )

For the pumps the natural frequency is determined to wy, ;, = 31 rad/s and the
damping ratio ¢, = 0.9. For the motors the natural frequency is determined to
Wy, m = brad/s and the damping ratio ¢, = 0.99. The values for the damping
coefficients and natural frequencies are defined based on the work of Moslatt
et al. [22].

The leakage conductance in each subsystem Cj. is defined as the sum
of the motors” and pumps’ conductance along with a conductance Ciystem
that represents the unidentified leakages in the system. The system leakage
was determined via an analysis that verified the conventional drive model
based on experimental data from the drive operating without load. However,
the analysis is not presented in this paper due to the fact that it contains
confidential data.

Cleak = Npcp,leak + chm,leak + Csystem (21)

The pump leakage conductance C), joq is given by linear lookup tables as a
function of the pump’s displacement as illustrated in Figure 6. The values for

the lookup tables are based on experiments presented by Moslatt et al. [19]
1/min

while Cgystem Was set to 0.126 -

0.12

0.1

C[Ll('{l]\ [l/lllill/bal‘]

0.08( L L L

171 342 513 684 855
D, [cm?®/rev]

Figure 6 Lookup table for pump leakage conductance with respect to the pump’s displace-
ment.
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Experiments by Moslatt et al. [19] have shown that the motor’s leakage
coefficient Cy, jeqk can be sufficiently represented as a function of the motor’s
speed, as shown in Equation (22):

Crmieak = Ct|wm| — Co (22)

where C; = 1.76 - 107° m?/Pa and C5 = 0.01 m3/s/Pa. The accumulator’s
piston movement is modeled using Newton’s 2" law as shown in Equa-
tion (23). The accumulator’s piston position, velocity, and acceleration are
denoted as Tgce, Tqce, aNd T, respectively.

Mpi‘acc = Appgas + AT‘ (pA,acc - pB,(zcc) - Bacci'acc (23)

while the pressure dynamics of the double-piston accumulator are defined
with the continuity equation:

) ﬁoil )
PAace = e b o o
acc Vo.chamb + Ar(Tace,maz — Tace) (q4,ace accAr)
) Boil )
) ~ Face 25
PB,acc Vo.chamb + ArTace (QB,aCC TaccAr) (25)
Pgas = P ~ Vogas )" o6)
gas 0,9as V(),gas n qu;acc

The gas pressure dynamics are assumed to be adiabatic; therefore, the poly-
tropic index n = 1.4. Any force contribution from the tank pressure is also
neglected. The flows to the accumulator chambers pass through cartridge
valves and are thus modeled by the orifice equations:

qA,acc = Cacc \/‘pA,pass - pA,acc‘ Sign (pA,pass - pA,acc) (27)

4B,acc = Cacc \/‘pB,pass - pB,acc| sign (pB,pass - pB,acc) (28)
The torque contribution from the motors 7}, cony 1S given as:
Tm,conv = dm,act + Tm,pass (29)
= (Nm,actDm,con'uam,actApact (30)
+ Nm,pass Dm,convam,pass Appass)’)/gear 3D

The motor torque losses 7', are modeled based on the findings of Moslatt
et al. [21]. The value of x corresponds to either the active or passive system.

T = (X1|wm| + X2wfn(Dm,fiam,n)3 (32)
+ X3ApﬁDm,Ham,n + Xy + X5Api)NerQear (33)
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Table 3 Parameters for AGVM215 motor friction

Parameter Value Unit
X4 4.05-1073 Nm s
X 3.69-10°  Nms¥/m®
X3 0.005 -

X4 14 Nm
X5 1.16-1071 m®/N

Table 4 Parameters for system friction

Parameter Value Unit
i 3281077 -
Y, 0 Nm
Y3 3.15 Nm
Y.y 0.06 rad/s
Ys 0.00851 Nm s
Ys 121-1077 -

The parameters for Equation (33) are listed in Table 3. The remaining friction
in the system is modeled with a single function [21].

—lwm|60

Tty = Y1 T+ Ys)e Y227 + Yo + Ysw, + Y6 T (34)

The parameters for Equation (34) are listed in Table 4.

2.3 Digital Hydraulic Drive

The topology that is considered for the digital hydraulic winch drive consists
of a large DDM with 77,000 cm?/rev operating in parallel with an electric
motor, as shown in Figure 7a. Compared to the conventional drive, the
DDM is not equipped with gearboxes but connects with the winch drum
solely via a pinion-to-ring gear connection. Additionally, the pressure on the
high-pressure line py and low-pressure line py, is maintained approximately
constant, and the load is controlled by adjusting the motor’s displacement.
The electric motor is equipped with a gearbox that increases its torque output
and reduces its velocity, which in turn connects to the ring gear. The electric
motor is not necessary for the digital winch drive’s operation. However,
DDMs are known for their oscillating torque output, which can impede
the drive’s performance. Therefore, the role of the electric motor is to aid
to reduce the DDM’s torque oscillations and allow the drive to achieve a
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Electric Motor

(a) (b)

Figure 7 Digital Winch Drive System. (a) A simplified representation of the proposed
offshore digital winch drive. (b) 3D model showcasing a five-piston radial piston motor, with
one chamber controlled by a pair of digital valves.

High-

Pressure *jgl Oy

Valve
Point of rotation

(a) (b)

Figure 8 Sketches of a DDM inspired by [7]. (a) Basic depiction of a digital displacement
motor featuring three modules, each consisting of seven pistons. (b) Sketch of an individual
piston from the digital displacement motor under consideration.

smoother torque output. The benefits of utilizing an electric motor in parallel
with the DDM are further elaborated in the simulation results in Section 7.
The considered DDM consists of 39 pistons, which are organized into
three modules with thirteen pistons each and share a common shaft. For
illustrative purposes, a DDM with 21 pistons, organized in three modules
with seven pistons each, is shown in Figure 8a. The pistons are distributed
equally around the shaft for each module and for the motor as a whole. A
previous study has shown that 37 pistons are sufficient [6]. However, due to
physical limitations, the number has been increased to allow for a feasible
piston distribution. The flow to the cylinders is independently controlled by
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a pair of digital valves that connect the piston’s chamber to the high- and
low-pressure lines, as shown in Figure 8b. The parameters for the equations
that are presented in this section are defined in Table 6. The shaft speed is
denoted by 6, while the shaft angle 0, ; introduces a relative phase shift for
each piston:
27'( . . . .
952'293—*(2—1) 951':95 ZE{I,...,NC} (35)
I Nc 9

The pressure dynamics of each chamber p.; are governed by the high-
pressure valve flow Qp ;, low-pressure valve flow ()1 ;, and the piston’s

volumetric flow rate V. ;:

Deji = ‘B/Oﬂ (QH,Z’ —Qri— ch) (36)
c,
TH .
Qu,; = IZ’Z |DH — Dejilsign (P — Deji) 5 37
T i .
Qr; = kifz |De;i — prlsign (pei — pr) (38)

where Ty ; and 71 ; indicate the normalized spool position of the High-
Pressure Valve (HPV) and Low-Pressure Valve (LPV), respectively. The
cylinder’s volume V.. ;, volumetric flow rate, and shaft torque 7, ; are given
as:

V. . Vi, . .
Vei=Vo+ Ed (1 —cosbs;) Vei= ?dﬁs sin€s; Teij = reAppe,isinbs;
(39
Thus, the total torque output for the DMM 7T,,, ppas, after considering the

pinion to ring gear connection, is given by Equation (40) while the torsional
losses are defined by Equation (41).

Ne

Ton.oom = Yr O, Tei (40)
=1

The motor torque losses for the DDM are unknown. Therefore, the friction
model is simplified and adjusted to fit that of the conventional motors.

Ty = (Z1104] + Za(prs — p1)?) Ygear sign(6s) (41)

The parameters for Equation (41) are found in Table 5. The remaining
friction in the system is assumed negligible compared to the motor friction
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Table 5 Parameters for DDM friction

Parameter Value Unit
=1 1430 Nm s
=P 1.1-107%  md/N

Table 6 Parameters for the digital displacement motors, digital valves, and winch drive

Digital Winch Drive Parameters

Symbol Description Value Unit
Ypr pinion to ring gear ratio 14.17 -
Max. operating motor velocity 74 rpm
Min. operating motor velocity 2 rpm
DDM Parameters
Symbol Description Value Unit
N, Number of pistons 39 -
Te Shaft’s eccentric radius 50 mm
Ap Piston’s cross sectional area 198 cm?
Boit Effective oil bulk modulus 15000 bar
PH High pressure 330 bar
prL Low pressure 25 bar
Vo,i Piston dead volume 99 cm?®
Vi Piston displacement volume 1977 cm®

Digital Valve Parameters

ts Switching time 25 ms
ky Flow coefficient 2900  minv/bar/cm?

and is disregarded. The valve’s spool motion is modeled using a sigmoid
function. As a valve closes, it experiences a constant negative acceleration in
the initial half of its switching time and a constant positive acceleration in
the subsequent half, as detailed in Eq. (42). The signs within the piecewise
function reverse when the valve is opening. This modeling technique has been
utilized in diverse studies [33,37]. It is noted that this method for modeling
the valve’s spool assumes that the initial conditions are zero and that the valve
switch occurs at time .

t0+ts t0+t5
r = / / e dtdt (42)

to to
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4 t
——  for ty <t< =41t

2 2
€= 43)

i fort—s—l—t <t< ts+t

tg 2 0 — S 0

In this context, Z represents the normalized position of the valve spool, and €
indicates the acceleration of the spool. The torque output of the electric motor
on the winch drum 75, ;. is modeled as a first-order transfer function scaled
by the total gear ratio. This model for the electric motor has also been used
for applications considering fully electric winch drives as in [11].

Ky

T_H'Ygear Qlelec  Where Kp = Dp(pH - pL) (44)

Tm,elec =

where the gain K, is chosen to correspond to the maximum torque output of
one of the conventional motors, which is equal to one-tenth of the DDM’s
maximum torque output. The time constant is 7 = 0.25 ms, thus the electric
motor’s settling time is 1 ms based on the 2 % criterion for first-order systems.
The variable a.je. is the motor’s input, which is regulated by a controller as
defined in Section 5. By considering that the winch drum’s maximum speed is
approximately 75 rpm, the electric motor’s maximum power output Pejec out
can be conservatively calculated:

Pelec,out = maX{Tm,elecéw} = 300 kW (45)

3 Digital Displacement Strategies

The displacement control strategies that are considered for this study are
Partial-Stroke Displacement (PSD) and low-speed Partial-stroke Sequential
Displacement (Is-SPD) strategies, illustrated in Figure 9 and Figure 10,

PSD
Max. Flow _if‘Decompression Comprossion"‘/7 PH
0 /I 2 PL
S —
0 O PIV.(,'T, ™ o0
\ Qu. HPV LPV Pe

Figure 9 Valve timing for a single piston over a revolution with PSD strategy.
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| Qu.i HPV LPV Do

Figure 10 Valve timing for a single piston DDM over a revolution with 1s-SPD strategy.

respectively. The figures consider a single piston during a full revolution.
A PSD strategy adjusts the motor’s displacement by varying the closing
angle of the HPV which is denoted as 0y pv,cr. The opening of the HPV
commences when the shaft angle is zero, corresponding to the piston’s top
dead center. It is noted that the opening of the HPV could also be chosen
at different angles; however, opening the HPV at the top dead center yields
minimal losses, and therefore, it is widely preferred. The motor’s displace-
ment Dy, can be given as a function of a normalized displacement input
Oddm € [0, 1], as:

v
Dattin = Negy =i (46)
m
V(6
Ompv.cr = arccos(l — 20am) = Qddm = Vei(0urver) 47
Vei(m)

The LPV is closed prior to the HPV opening in order to allow the chamber
to pressurize. Similarly, the LPV is opened after the HPV has closed to
depressurize the chamber. Since valve actuation is angle-dependent, at low
shaft speeds the displacement’s update rate can be very slow and compromise
the motor’s performance. For example, at 2 rpm, each piston could update the
opening/closing valve angles every 30 s. Therefore, at low speeds, the 1s-SPD
strategy is utilized.

The 1s-SPD strategy was first introduced by Farsakoglou et al. [7] to
increase the displacement response time of DDMs at low speeds. The method
resembles a PSD strategy; however, the Is-SPD allows the HPV to reopen
multiple times during a cycle, as shown in Figure 10. In the example shown
in the figure, the HPV is closed at 0y py,cr based on the value of agy,.
At a later time, the value of «g4,, has increased, and therefore, the HPV
is reopened at 0y py,0p2. Any reopening of the HPV occurs without any
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precompression, thereby increasing losses compared to the PSD strategy.
However, the results of Farsakoglou et al. showed that when the valve’s size
and switching time have been chosen appropriately, the motor retains high
volumetric efficiency.

The reopening of the HPV occurs with a small overlap with the closing
of the LPV, thus resulting in both valves being simultaneously partially open
for 15 % of their total switching time. This method allows for the chamber
to be pressurized via the HPV while preventing the piston’s movement from
depressurizing the chamber, as that could create cavitation. The time period
that both valves remain partially open is referred to as a valve timing overlap.
The chosen valve timing overlap value highly depends on the application.
Generally, larger values ensure that cavitation is avoided but decrease the
volumetric efficiency of the motor as larger amounts of oil flow directly from
the high- to the low-pressure line. For this study, the overlap value is set at
15 % based on the previous findings of Farsakoglou et al. [7], as it is the same
digital hydraulic drive.

4 Simplified DDM Model

The high number of cylinders and the frequent switchings that the 1s-SPD
introduces result in a stiff system that significantly slows down the simulation.
Therefore, a simplified method for modeling the DDM’s torque output is
utilized, which sufficiently captures the torque dynamics. The considered
method discards the pressure dynamics and considers the chamber pressure
as a function of the HPV’s normalized spool position xf:

(48)

)b —PL when O<zxpy <1
Per =0 when zy =0

To illustrate that the proposed simplification approximates the motor’s
dynamics, Figure 11 is used. The figure shows the DDM’s torque response
using the aforementioned simplification and the one resulting from the
model presented in Section 2.3. A sinusoidal displacement trajectory with
an increasing frequency is given as input, shown at the top of the figure. The
considered DDM consists of seven pistons and rotates with a constant shaft
speed of 10 rpm. The torque output of the DDM with the simplified method
is indicated with a dashed orange line, while the model that includes pressure
dynamics is illustrated with a solid blue line. From the figure, it is observed
that the simplified method closely tracks the output that is produced when
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Figure 11 Comparison of DDM’s torque response with detailed pressure dynamics versus a
simplified model.

considering pressure dynamics. As shown in the magnified part of the figure,
the simplified model results in a more abrupt torque output as the chamber
is instantaneously depressurized instead of being a function of the motor’s
shaft speed as indicated by Equation (36).This result in the error spikes that
are shown in the bottom of Figure 11. However, these spikes have a short time
span which results in an RMS error of 1.23 kNm, which is below 3 % of the
maximum torque and is deemed acceptable.

5 Drive Control Schemes

This section describes the control schemes for the conventional and digital
hydraulic winch drives.

5.1 Conventional Drive Control

The control for the conventional drive, illustrated in Figure 12, was designed
based on the work of Moslatt et al. [24]. The passive drive utilizes two PI
controllers to control the displacement of the pumps and motors in order
to maintain constant pressure in the hydraulic lines and balance the load’s
gravitational torque. The control gains for pressure control are K press = 0.1
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Figure 12 Control scheme for the conventional drive.

Pa’! and K press = 15 s/Pa while for the torque control K, torq = 0.1 N'm!
and Kj;orq = 2 s/Nm. Therefore, the torque controller’s break frequency
corresponds to 20 rad/s, while the pressure controller’s break frequency is
150 rad/s. The break frequencies were chosen in this manner as the pressure
dynamics are significantly faster than the equivalent load’s mass, which varies
slowly. The active drive utilizes only a P gain and a feedforward term to
control the active pumps’ displacement:

Qp.act = uinKp +ugy (49)
Uff = —Ompass (thtip + K2}.Ltip) (50)

where the gains for the feedforward signal are K; = 1.75 s and Ky = 0.1 s°
while for the P gain K, = 10.

5.2 Digital Drive Control

The control scheme used by the digital hydraulic winch drive is illustrated
in Figure 13. The digital hydraulic drive control signal is generated by a
PID-controller and supplemented by a feedforward signal. The PID gains
are tuned at K, ggp, = 7.5 m~!, K qam = 3 m~!s™!, and Kqdqdm = 3 s/m.
The feedforward signal is calculated based on simplified inverse dynamics by
only considering the desired motor output torque and the load’s gravitational
torque:

éwJeff + FMRw
Vor (i — pr)max { Daam }

Uddm, ff = (5D
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Figure 13 Control scheme for the digital drive.

The signal is then translated into digital signals for all the valves of the DDM
as described in Section 3. When the motor’s shaft speed is above 20 rpm, then
the PSD strategy is used, while below 20 rpm, the 1s-SPD is utilized. The
operating speed range for each strategy is designed based on the conclusions
from Farsakoglou et al. [7]. The electric motor is regulated by a PD controller.
The controller’s output, cveje., is constrained within the range of —1 to 1.
It features a proportional gain K, cjec = 5 m~! and a high derivative gain
Kd,elec = 150 s/m.

Both the electric motor and the DDM are controlled based on the load’s
position error. However, the position error signal is filtered via Low-Pass
Filter (G pr) and a High-Pass Filter (G pr) so that the DDM receives only
the lower frequencies while the electric motor receives and compensates only
the higher frequencies. The transfer functions for the filters are defined as:

1 S

Grpp=—"-— Gupp =
LPE = 0015+ 1 HPE =011

(52)

which result in break frequencies of 100rad/s and 1rad/s for the low-
pass filter and high-pass filter, respectively. Effectively, this means there is a
bandpass area where both the electric motor and the DDM are active. While
this may seem a bit counterintuitive, the different dynamics of the electric and
hydraulic motors have yielded this to be the most optimal solution as some
of the pressure ripples resulting from the switching of the valves are compen-
sated through the electric motor, thus yielding lower overall torque ripples.

6 Considered Simulation Tests

To thoroughly assess the two drives across the crane’s entire operating range,
four distinct tests have been designed which are summarized in Table 7. These
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Table 7 Test parameter summary

Load [ton] Load depth [m]

Test A 20 200
Test B 150 200
Test C 20 2950
Test D 150 2950

—

Velocity [m/min]
o

—_

-198 F

-199 /\
> 200

0 10 20 30 40 50
Time, ¢ [s]

Position [m)]

Figure 14 Considered load velocity and position trajectory.

tests involve the crane operating at both the maximum and minimum load
capacities. As for the operating depth, the two considered cases correspond
to depth values close to the crane’s maximum and minimum operating depths,

which correspond to a wire with high and low stiffness.

The considered operator’s input dynamics are shown in Figure 14 while

the crane’s tip dynamics resulting from heave motion are shown in Figure 4.

The operator’s input trajectory is designed based on information received
from NOV. The trajectory is designed to contain the fastest and slowest speeds
that the load is desired to move which corresponds to 8 m/min and 2 m/min.
It should be noted that the wire speed, i.e. the linear speed resulting from
the drum’s movement, can exceed the load’s maximum speed by orders of
magnitude as it is equal to 75m/min. The wire speed is required to reach
such speeds in order to compensate for the heave motion.

7 Simulation Results
This section presents the simulation results that were obtained from the tests

presented in Section 6.
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7.1 Test A: small load, low depth

The resulting load velocity and position for Test A are shown in Figure 15a
and Figure 15b, respectively. For this test, the digital winch drive shows
superior performance, with the load’s largest position deviation from the
reference being 14 mm. For the conventional drive, it was 35 mm. The Root
Mean Square (RMS) error is also significantly lower, 6 mm compared to
14 mm for the conventional drive. Additionally, the conventional drive results
in an oscillatory load movement characterized by larger amplitudes and
longer periods than the load’s movement resulting from the digital drive. This
load movement behavior stresses the system and complicates the operator’s
ability to land the load safely. However, both drives are able to control the
load accurately and maintain the load’s position error well below the offshore
industry’s requirement of 100 mm. To highlight the effect of the electric
motor on the performance of the digital winch drive, Figure 16 is used. The
figure shows the total torque output of the digital winch drive T},.;,,e for test
A along with the torques produced by the DDM T}, 4, and the electric motor
Teiec- The magnified section illustrates that the fast dynamics of the electric

motor allow the drive to significantly reduce the torque oscillations that are

introduced by the DDM. However, as the DDM’s torque is reduced in a step-

wise fashion when closing the HPV, the electric motor with the implemented

controller requires approximately 14 ms to respond to this abrupt change.

This causes torque spikes to occur at the drive’s output with an amplitude
of 200kNm. These torque spikes can fatigue system components over a
prolonged time period, such as the pinion to gear ring connection. However,
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Figure 15 (a) Load velocity and velocity errors for Test A. (b) Load position and position
errors for Test A.
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Figure 16 Resulting digital winch drive torque, DDM torque, and electric motor torque for
test A.
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Figure 17 Digital winch drive performance without utilizing the electric motor compared
to with the assistance of the electric motor.(a) Load velocity and velocity error for Test A.
(b) Load position and position error for Test A.

the torque spikes may be reduced by including a feedforward signal to the
electric motor’s control prior to closing an HPV. However, such a solution has
not been considered for this work and is thereby proposed for future studies.
To illustrate the benefits of utilizing an electric motor in parallel with the
DDM Figure 17 is used. The figure shows the load’s velocity and position for
test A while utilizing only the DDM, without retuning the controller. As seen
from the figure, the drive’s performance has slightly deteriorated with the
load’s position error peaking at 18 mm with an RMS value of 7 mm. Another
benefit that is yielded by utilizing the electric motor is that the number of HPV
switchings is drastically decreased. Without the electric motor to reduce the
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Figure 18 Multiple HPV switchings over a cycle for a single piston.

DDM’s torque oscillations, the HPVs are switched for a total of 1384 times.
When the electric motor is used to smooth out the drive’s torque, the HPVs
are switched 801 times. The number of times that the HPVs switch over
a cycle can have a significant impact on the motor’s volumetric efficiency
but also on the fatigue properties of the system. In the work presented by
Farsakoglou et al. [7], it was shown that a volumetric efficiency near 100 %
can be achieved with the 1s-SPD strategy when the HPV is switched on
twice over a revolution. However, if the HPV is opened multiple times over
a revolution then a significant drop in the motor’s volumetric efficiency is
observed. For example, in Figure 18 the HPV of a single cylinder is switched
12 times over a revolution while the shaft rotates at a speed of 20 rpm.
By evaluating the cylinder’s efficiency with the method that was utilized by
Farsakoglou et al. [7], it is observed that the cylinder’s volumetric efficiency
drops down to 80 %. Therefore, as the addition of the electric motor reduces
the total number of valve switchings, it results in the DDM operating with a
higher volumetric efficiency. Additionally, a high number of valve switchings
reduces the valve’s lifetime and increases maintenance costs.

7.2 Tests B, C,and D

The remaining tests are presented in Figures 19-21, and the results are
summarized in Table 8. From the table, it is observed that the digital hydraulic
drive achieves roughly half the position error of the conventional drive
throughout tests A, B, and C. For test D, both drives achieve the same
maximum load position error of 68 mm. However, the digital winch drive
yields a slightly lower RMS value of 29 mm compared to 32 mm for the
conventional drive. However, both drives have an acceptable performance as
the load position error remains well below the offshore industry’s requirement
maximum acceptable value of 100 mm. As was observed in test A, the
digital drive’s behavior is characterized by high-frequency oscillations with
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Figure 19 (a) Load velocity and velocity errors for Test B. (b) Load position and position
errors for Test B.
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Figure 20 (a) Load velocity and velocity errors for Test C. (b) Load position and position
errors for Test C.

small amplitude. In contrast, the conventional drive tends to result in lower
frequency oscillations with a higher amplitude. The smoother load control
of the digital drive may be attributed to its faster response due to the Is-
SPD strategy. The faster response is further enabled by maintaining the line
pressure constant, as secondary controlled hydraulic drives are known for
offering a faster response since the hydraulic oil is always compressed. In
a practical application, the drives’ performance is expected to change due
to parameters that have not been considered during the simulations. Such

parameters include slack in the pinion to ring gear connection, measurement
errors, and slight deviations in the system models.
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Figure 21 (a) Load velocity and velocity errors for Test D. (b) Resulting load position and
position errors for Test D.

Table 8 Load position results for the considered tests

Digital Winch Drive Conventional Drive
max{Zerror} RMS{Zerror} max{Zerror} RMS{Zerror}

Test A 14 mm 6 mm 35 mm 14 mm
Test B 21 mm 8 mm 30 mm 15 mm
Test C 25 mm 10 mm 49 mm 17 mm
Test D 68 mm 29 mm 68 mm 32mm

8 Discussion

This section presents a discussion of the benefits and drawbacks of the
proposed digital winch drive with respect to its operation and practical
implementation.

Figure 22 shows the outputs of the PID and PD controllers for the DDM
and electric motor, respectively, throughout all the tests. The largest value
for appys is observed in test B and corresponds to 0.67. This indicates that
the parameters that were chosen for the DDM were oversized. Therefore, a
DDM with a smaller displacement could be used. Additionally, the PSD and
Is-SPD strategies produce the largest oscillations the closer the DDM operates
to 50 % displacement [27]. For tests B and D, operating a DDM with a
smaller displacement or reduced supply pressure could allow for the resulting
control signal to move closer to 100 % displacement, where the DDM shows
the smoothest torque output and highest volumetric efficiency. For tests A
and C, the displacement signal would move closer to 50 % displacement,
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Figure 22 DDM and electric motor control signals for tests A to D.

which would result in larger torque oscillations. However, the DDM would
operate more efficiently since its volumetric efficiency is reduced at low
displacements. Another observation from Figure 22 is that the electric motor
does not operate with its maximum torque for a prolonged period of time. In
order to evaluate the power estimation Eq. (45) is utilized and, the power
output of the electric motor throughout all tests is calculated. It is found
that the highest power consumption occurs for test D and is shown with
the blue line on the left plot in Figure 23. The plot on the right illustrates
the DDM’s power output to illustrate the difference in power rating between
the two motors. From the figure, it is seen that the highest power output of
the motor is only reached at 40s and is equal to 279kW. As the electric
motor compensates for the DDM’s torque oscillations, choosing a DDM with
a higher number of pistons can decrease the electric motor’s power output.
In Figure 23, the power output of the electric motor when using a DDM with
133 pistons is shown with the orange line. It is seen that the maximum power
output is reduced to 50 kW. Therefore, when designing a digital hydraulic
winch drive, the number of pistons could be optimized to determine the size
of the electric motor. In this example, the chosen number of 133 pistons is
unrealistic; therefore, a future investigation could consider how the digital
winch drive would behave with a DDM utilizing 39 pistons and a 50 kW
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Figure 23 Power output of electric motor (left plot) and DDM (right plot) for test D for a
DDM with 39 pistons and a DDM with 133 pistons.

electric motor. Including an electric motor to operate in parallel with a DDM
can provide additional benefits. For example, the electric motor could be used
to handle the winch when operating with an empty hook or smaller loads
without the need to use the hydraulic system.

Finally, despite the various potential benefits that a digital hydraulic
winch can offer, it also imposes certain limitations. The digital valves require
accurate feedback of the shaft’s angular position. However, the Programming
Logic Controllers (PLCs) that are used in such applications typically have
low computational power and might be unable to process the high-resolution
signal that is required to measure the shaft’s angular position accurately. Fur-
thermore, the digital valves that the DDM requires to yield high volumetric
efficiency in the considered application are required to offer a high flow rate,
low switching time, and be able to open against high pressure [4]. Such valves
are produced by few suppliers and have a high cost. The overall cost can
increase further when considering DDM designs with a higher number of
cylinders, as a pair of valves is required for the control of each piston. Another
parameter that has not been considered in this study is the potential effects of
a valve failure. It is expected that a valve failure can have a significant effect
on a DDM design with a low number of pistons since the total displacement
is distributed in a few cylinders. A DDM with a higher number of pistons is
expected to be more robust against valve failures. However, this is an area
that requires further investigation.

9 Conclusions

This paper compares the performance of a digital offshore hydraulic winch
drive and a conventional offshore hydraulic drive with respect to their ability
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to control the attached load accurately throughout their whole operating
range. It was shown that the addition of an electric motor, though not neces-
sary for the driven’s operation, can significantly reduce the torque oscillations
that are imposed by the DDM. A smoother drive torque output reduced the
number of times that the HPV switched states, thus improving the DDM’s
volumetric efficiency and prolonging the digital valves’ lifetime.

The drives were compared over four different tests with a preset tra-
jectory. The tests varied with respect to the attached load and operating
depth. The results showed that both drives where able to achieve the offshore
industry requirements of maintaining the load position error below 100 mm.
Notably, the digital winch drive outperformed its conventional counterpart
in tests A, B, and C, with the maximum load position error being 21 mm,
9mm, and 24 mm smaller, respectively. The only exception was for test D,
where both drives achieved a maximum load position error of 68 mm. It was
found that the considered DDM was oversized and further optimization of
the number of piston, pressure drop, and electric motor size could further
improve its performance. The study concluded that a DDM operating in
parallel with an electric motor can result in a highly energy efficient winch
drive that offers improved load handling accuracy. However, the digital winch
drive concept requires further research and experimental work in order to be
implemented on practical applications.

Abbreviations

The following abbreviations are used in this manuscript:

DDM  Digital Displacement Motor

FSD Full-Stroke Displacement

HHEA Hybrid Hydraulic-Electric Architecture

HPV High-Pressure Valve

LPV Low-Pressure Valve

Is-SPD  low-speed Sequential Partial-stroke Displacement
PSD Partial-Stroke Displacement

SPD Sequential Partial-stroke Displacement

s-SPD  simplified Sequential Partial-stroke Displacement
VTC Valve Timing Control
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