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Abstract

Offshore winch drives require high energy efficiency and control precision, making digital displacement
motors an attractive solution due to their high efficiency and potential controllability. However, the
response time and the realized energy efficiency of these motors are heavily dependent on the chosen
displacement control strategy, especially at low-speed operation. This paper considers various displacement
control strategies to investigate whether digital displacement motors are a viable solution for offshore
winch drive applications. The motor specifications are derived based on the requirements of a commercial
offshore winch drive system. The analysis reveals that various displacement control strategies should be
used across the drive’s operational speed range to ensure both satisfactory performance and high efficiency.
Full-stroke and partial-stroke strategies are optimal for speeds above 28 rpm and 20 rpm, respectively, but
unsuited for lower-speed operation. For speeds below 20 rpm, an improved sequential-stroke strategy is
therefore presented. The proposed displacement control strategy provides instantaneous motor response
and maintains high energy efficiency, although its robustness is slightly reduced at higher operating speeds
above 20 rpm.
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1 Introduction important. Digital displacement motors (DDMs)—

a complete list of abbreviations can be found at the

Offshore cranes widely rely on winch drives to han-
dle loads accurately in the harsh maritime environ-
ment. Such loads typically weigh hundreds of tons and
are handled at very low translational speeds, gener-
ally below 8 m/min. An example of a commercial off-
shore knuckle-boom crane rated for lifting up to 150t
is shown in Figure 1. The winch drive controls the
load’s vertical position when it is suspended from the
hook and can be raised or lowered by paying out or
reeling in the wire. As the offshore industry seeks to
meet various environmental criteria, improving the en-
ergy efficiency of these drives has become increasingly
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end of the paper — have emerged as promising can-
didates for enhancing offshore winch drive efficiency.
Hydraulic DDMs can drastically reduce leakage, fric-
tion, and compressibility losses compared to conven-
tional hydraulic motors, as the flow to each piston is
individually controlled by a pair of digital valves.

A detailed description of digital displacement pumps
and motors can be found in previous research (Nordas,
2020; Pedersen, 2018; Ngrgard, 2017; Roemer, 2014;
Merrill, 2012). The efficiency and response time of
DDMs are highly dependent on the valve timing con-
trol. The valve timing control strategy affects how
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the piston strokes are controlled and, consequently,
the displacement control strategy. Various displace-
ment control strategies have been proposed and can
be broadly classified into three categories: full-stroke,
partial-stroke, and sequential partial-stroke. The effi-
ciency and response time of the various strategies have
been investigated in various papers (Payne et al., 2007;
Merrill, 2012; Heikkila et al., 2010; Rgmer et al., 2013;
Norgard, 2017; Williamson and Manring, 2019). How-
ever, these studies consider digital displacement ma-
chines operating at high speeds i.e., above 500 rpm.

Winch Drive

Figure 1: Offshore knuckle-boom NOV crane, rated for
lifting up to 150 t loads.

In a review of these strategies by Pedersen et al.
(2018a), it was shown that the appropriate displace-
ment strategy depends on the chosen application. The
results showed that for high-speed operation, a full-
stroke strategy provides a low response time and high
energy efficiency. At medium to low speeds, a partial-
stroke strategy offers a faster response at lower dis-
placements as it uses all cylinders to reach the desired
displacement; however, the energy efficiency decreases.
For very-low speeds, the sequential partial-stroke strat-
egy offers a fast response which is limited only by the
actuation time of the valves, but energy losses are sig-
nificantly increased. A method that is referred to as
creep mode was introduced by Larsen et al. (2018) for
controlling DDMs at very low speeds. The method be-
longs to the sequential partial-stroke category and re-
lies on slowly moving the motor’s shaft from one force
equilibrium to the next by pressurizing or depressuriz-
ing one chamber at a time. High position accuracy can
be achieved using this method; however, the energy
efficiency was not evaluated. Larsen et al. note that
at fast shaft speeds, the method can impose wear on
the valves and the electrical system due to the resulting
high frequency of valve switching. Nordas et al. (2019),
analyzed the behavior and response time of DDMs for a
winch drive. The results show that both full-stroke and
partial-stroke strategies have a very slow response for a
low-speed application such as offshore winch drives. A
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sequential-stroke strategy provided a fast response but
required more frequent switching of the digital valves.
To overcome these issues, Nordas et al. proposed a par-
ticular case of a sequential partial-stroke strategy. The
method closely resembles a conventional partial-stroke
strategy. However, when the displacement reference is
increased, any piston that is able to contribute torque
toward the desired direction is allowed to switch the
states of the valves to pressurize the chamber regard-
less of the shaft position. The method allows the mo-
tor to respond quickly without requiring frequent valve
actuation. However, the authors did not evaluate the
energy efficiency of this method.

Presently, no existing studies have addressed the re-
sponse time requirements of DDMs within the context
of a winch drive application, based on either a commer-
cially available system or a prototype winch drive sys-
tem. Furthermore, there is a lack of control strategies
for DDMs that simultaneously provide low response
times at low speeds while sustaining a high volumetric
efficiency. These represent substantial gaps in the cur-
rent understanding and application of DDMs for low
speed applications.

This paper provides an overview of how the differ-
ent displacement stroke strategies can be utilized to
allow an offshore winch drive to maintain low response
time, as defined in Section 2, and high energy effi-
ciency throughout its operating range. For that pur-
pose, the method proposed by Nordas et al. (2019) for
reducing the response time of the motors is evaluated
and improved with respect to energy efficiency. The
new method allows DDMs to respond fast at very low
speeds while maintaining high energy efficiency. How-
ever, the method’s robustness is reduced at hiegher
shaft speeds. The offshore winch drive under con-
sideration was first introduced by Farsakoglou et al.
(2022) and is designed based on a commercial winch
drive system by NOV, a worldwide leading manufac-
turer of offshore cranes and winch drive systems (NOV,
2022). In this paper, the conventional hydraulic mo-
tors and their gearboxes have been replaced with digi-
tal displacement motors. Therefore, the response time
requirement is obtained from the response character-
istics of the conventional motors that are used for the
commercial drive.

This paper is structured as follows. Section 2 pro-
vides an overview of the commercial winch drive system
and the considered winch drive that utilizes digital dis-
placement motors. The methodology for modeling the
digital displacement motors is presented in Section 3,
followed by the description of the considered displace-
ment control strategies in Section 4. The response time
offered by each displacement control strategy across the
drive’s operating speed range is investigated in Section
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5. The resulting energy efficiency for each strategy is
discussed in Section 6. It is found that the simplified
sequential-stroke strategy, proposed in previous work,
offers low response time but significant losses. There-
fore, Section 7 describes a new methodology used to
limit these losses, and the modified sequential-stroke
strategy is compared to the original method in Section
8, where it is shown to significantly improve energy
efficiency. Finally, Section 9 summarizes the study’s
conclusions.

2 Commercial & Digital Winch
Drive Concept

An illustration of the original winch drive is shown in
Figure 2.

___ Passivesystem

| Ring gear

T IS}\ ..
‘ }leon

Active system

Figure 2: Simplified illustration of the commercial off-
shore winch drive manufactured by NOV. In-
spired by Moslatt et al. (2020).

The drive can be divided into two systems: an ac-
tive system and a passive system, indicated by the
green and blue boxes, respectively. The two systems
operate in parallel and are connected to the same ring
gear. The passive system operates with secondary con-
trol where the pressure in the lines is kept at a quasi-
constant level. The motors adjust their displacement
to produce a constant torque that negates the gravita-
tional torque produced by the load. The active system
is tasked with following the velocity reference from the
crane operator while compensating for friction and ex-
ternal disturbances.

The proposed drive is referred to as a digital winch
drive and is shown in Figure 3.

Winch

Ring gear

Pinion

Figure 3: Simplified illustration of the considered off-
shore digital winch drive

The supply for the DDMs is assumed to consist of a
constant pressure for both the high- and low-pressure
lines, py, and pr, respectively. To connect the motors
to the winch drum, only a pinion-to-ring gear connec-
tion is used. A representation of a digital displacement
motor with five pistons is seen in Figure 4.

Figure 4: Model of a five-piston radial piston motor
with one chamber connected to a pair of dig-
ital valves.

The considered digital displacement motors have
seven cylinders that are uniformly distributed around
the shaft’s center of rotation, as shown in Figure 5.
Each of the chambers is controlled with a pair of digital
valves as shown in Figure 6. The original drive utilizes
A6VM 215 motors that have been reported to have
a response time from zero to maximum displacement
that varies from 0.7s to 3.5 s depending on the control
pressure, control setting, and direction (Moslatt et al.,
2019). Therefore, the DDMs need to have a compa-
rable response time throughout the whole operation
range to maintain a similar performance.
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Figure 5: Simplified illustration of a digital displace-
ment motor with seven pistons.
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Figure 6: Sketch of a single piston of the considered
digital displacement motor.

The main disturbance that offshore winch drives
must compensate for is wave-induced heave motion
which causes the crane’s tip to oscillate vertically.
The JONSWAP wave spectrum, as described by DNV
(2011), is commonly used to model this type of motion.
Using this spectrum, Figure 7 illustrates an example
of the resulting wave-induced vertical crane tip motion
that the winch system must compensate for.
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Figure 7: Example of wave-induced heave motion at
the tip of the crane, generated with the JON-
SWAP wave spectrum.
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The offshore industry requires the winch drives to be
able to compensate for heave motion so that the load’s
position deviates no more than £100 mm from the ref-
erence. Therefore, it is desired to utilize displacement
strategies that will enable the DDMs to have a response
time, i.e. reach maximum displacement from zero and
vice versa, which is similar to that of the conventional
motors. For that purpose, the conventional motor’s
average response time is selected, corresponding to ap-
proximately 1.5s. The chosen response time require-
ment serves as a reference in order to evaluate and
provide insights for the performance of the various dis-
placement control strategies in Section 5. Therefore,
more detailed investigations are required for specific
application conditions.

As the main motivation for using DDMs is to in-
crease the energy efficiency of the drive, it is vital to
ensure that the motors maintain high energy efficiency
at all points of operation. The selection of an appropri-
ate valve is, therefore, vital for ensuring that a DDM
operates with high efficiency. For this purpose, a pop-
pet valve produced by Diinef (2023) is selected, as it
is the best-suited commercially available valve. The
Diinef valve offers a high flow rate for a short switch-
ing time; the valve parameters are shown in Table 1.
Additionally, the valve can open against a large pres-
sure difference across the valve, which increases the
controllability of the pistons. The number of pistons
for the DDMs is derived from previous work where it
was shown that for the considered digital winch drive
and the Diinef valve, the DDMs have a minimum ef-
ficiency of 90% energy efficiency (Farsakoglou et al.,
2022). Based on these results, the lowest efficiency of
90 % occurs when the DDM operates at its maximum
allowed speed with 25% displacement produced with
partial strokes. The parameters for the digital displace-
ment motors and the digital winch drive can be found
in Table 1.

3 DDM Modeling

By virtue of the uniform arrangement of the cylinders
and the cylinders being identical, the motor’s opera-
tional characteristics can be accurately modeled based
on Figure 6 and then repeated for the other cylinders.
As such, the pistons share a common shaft speed de-
noted by 6, while the shaft angle 05 ; imparts a relative
phase shift upon each piston, as represented by Eq. (1).

2
GS,Z*GS*E( 7]-) (1)
0,,=0, ie{l,...,N} (2)

N, and the following parameters here refer to the pa-
rameters shown in Table 1. Each chamber’s pres-
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Table 1: 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 -
Ny, Number of motors 11 -
Max. operating motor velocity 74  rpm
Min. operating motor velocity 2 rpm
DDM Parameters
Symbol  Description Value Unit
Boit Oil bulk modulus 15000 Dbar
PH High pressure 330 bar
PL Low pressure 25  Dbar
Vo Piston dead volume 55 cm?
Va Piston displacement volume 1100 cm?
N, Number of cylinders 7T -
Digital Valve Parameters
ts Switching time 25 ms
k¢ Flow coefficient 32000 minv/bar/cm?

sure dynamics are characterized by the fluid flow
through the high-pressure valve Qp;, low-pressure
valve ()r;, and the piston’s displacement, as repre-
sented by Eq. (3).

Deyi = f/ml (QH,i —Qr:— Vm) (3)
TH, .
Qu; = ]:; \/ 1P — Pelsign (P —pei),  (4)

()

Tr, .
Qr;: = ku \/|Pe,i — prlsign (pei — pr)

The cylinder’s volume V, ;, volumetric flow rate VC,Z-,
and shaft torque 7, ; are functions of the piston’s dis-
placement, with the latter being additionally affected
by the cylinder’s internal pressure.

Vei=Vo+ % (1 —cosfs;) (6)
(7)
(8)

The total torque output of the winch drive T, is given
as,

‘./c,i = %95 sin 93)1'

\%
Tci 7d

s 2 Pc,i S es,i

N
Tw = INmYpr Z Tc,i (9)
i=1

The valves’ movement is modeled by a sigmoid func-
tion. Therefore, when the valve closes, it has a constant

negative acceleration for the first half of its switch-
ing time and a constant positive acceleration for the
other half as shown in Eq. (10). The signs of the
piecewise function are reversed when opening the valve.
This model has been used by various studies (Romer
et al., 2013; Pedersen et al., 2020) and seems to cor-
respond well with the results presented by Lindholdt
et al. (2017):

tot+ts to+ts

= e dtdt (10)
to  to
tS
—E for tp <t< 5} + %o
€= 11
é for 2e—s—|—to <t< ts+to "
12 2 - °

where € is the acceleration of the valve’s plunger, and
Z is the normalized valve plunger position.

4 Displacement Control Strategies

The three displacement control strategies that are con-
sidered to evaluate the motor response are briefly out-
lined in this section using Figure 8. More elaborate
descriptions for the strategies can be found in Mer-
rill (2012) and Pedersen (2018). Figure 8 shows the
simplified pressure and flow behavior of a single cylin-
der based on the valve actuation sequences produced
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by each displacement strategy over a revolution. The
valve states are shown at the bottom of each figure,
while the resulting flow and pressure are illustrated at
the top.

Full-strokes
Max. Flow

N

Open
Closed
0 T 27
Partial-strokes
Max. Flow ‘ ‘ / PH
0 / 1 DL
Open —
Closed
0 T 27
s-SPD Strategy
Max. Flow ‘ \ / PH
0 / \ PL
Open
Closed | |
0 T 27

—Qui —HPV —LPV —p,;|

Figure 8: Illustration of the considered displacement
control strategies.

A full-stroke strategy relies on activating a certain
number of cylinders over one revolution to control the
displacement. The number of active cylinders results
in the motor’s displacement over a revolution. For ex-
ample, if only one cylinder is activated, the motor’s dis-
placement is equal to 1/N. = 14 %. This results in the
motor’s displacement becoming discrete, and therefore,
intermediate displacement values can only be achieved
over multiple rotations.

For an active cylinder, the high-pressure valve
(HPV) is opened when the shaft is at 5 = 0, and the
low-pressure valve (LPV) is opened at 65, = =, corre-
sponding to the points where the flow reaches its mini-
mum. To prevent the valves from opening against high
pressure, the HPV and LPV are closed prior to the
shaft reaching 0 and m, respectively. This allows the
chamber to be pressurized or depressurized, thus equal-
izing the pressure across the HPV or LPV, respectively,
before opening. Any cylinders that were not activated
are referred to as idling. In an idling cylinder, the
HPV remains closed, and the LPV open throughout
the entire stroke. As an idling cycle does not require
the chamber to be pressurized, the decision to activate
or idle a cylinder is made at a fixed angle prior to the
angle where the LPV closes.

A partial-stroke strategy always activates all cylin-
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ders when a non-zero displacement is requested; how-
ever, the HPV closing angle varies to control the dis-
placement over a revolution. This results in a contin-
uous motor displacement related to the HPV’s closing
angle. At zero displacement, all HPVs remain closed,
and the LPVs open. Similarly to a full-stroke strategy,
the decision to close the LPV in order to pressurize
the chamber is made at a fixed angle prior to the LPV
closing angle. In principle, a partial stroke can occur
at any shaft position between 0 and w. However, the
aforementioned method is widely preferred as it mini-
mizes volumetric losses because the HPV is opened at
the lowest flow, and the chamber can be pressurized
prior to the HPV opening.

Sequential partial-stroke strategies switch the valves
multiple times over a stroke to achieve the desired dis-
placement. This essentially means that any number
of cylinders can be activated at any time instance to
provide the desired displacement. For a seven-cylinder
motor that corresponds to 2V = 128, possible config-
urations of active and idle cylinders. However, previ-
ous studies have shown that such a method leads to
frequent valve switchings and significant energy losses
(Pedersen et al., 2018a; Nordas et al., 2019). There-
fore, a simplified sequential partial-stroke displacement
strategy (s-SPD) is considered as proposed by Nordas
et al. (2019). The proposed strategy works similarly to
a partial-stroke strategy but allows the HPV to reopen
when a larger displacement is requested. For example,
based on Figure 8, when using a partial stroke strat-
egy and assuming that the displacement reference is
increased to 100 % at a shaft angle of 27/3, the strat-
egy can only open the HPV and allow flow into the
chamber when the shaft reaches 0. However, the s-SPD
strategy can immediately open the HPV while simul-
taneously closing the LPV, thus allowing flow into the
chamber nearly instantaneously.

5 Motor Response based on
Displacement Strategy

As discussed in Section 2, it is essential to ensure that
the drive’s torque response time from zero to maxi-
mum torque and vice versa remains lower than the av-
erage response time of the conventional winch drive,
which corresponds to approximately 1.5s. Previous
studies have shown that when utilizing full-stroke or
partial-stroke strategies, the DDM’s displacement re-
sponse is inversely proportional to its rotating speed
(Nordas et al., 2019; Pedersen et al., 2018a). There-
fore the slowest torque response for the winch, when
using these strategies, occurs at its lowest operating
speed, which is the basis for this analysis. For the con-
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sidered drive, the slowest operation speed corresponds
to 2rpm. For all the figures shown in the following sub-
sections, the reference signal change is given at ¢t = 0,
and the motor shaft angle is shown at the top x-axis.

5.1 Full-Stroke Response

For the full-stroke strategy, the decision for which
cylinders should be activated is made with a first or-
der delta-sigma modulator that was introduced by Jo-
hansen et al. (2015) and used in other publications
(Pedersen et al., 2016, 2017, 2018b, 2020). The modu-
lator translates a continuous signal to a digital with a
value of 1 corresponding to an active cylinder and 0 to
an idle cylinder. The implementation of a first order
delta-sigma modulator is shown in Figure 9.

OV

Figure 9: Configuration of a first order delta-sigma
modulator, inspired by Nordas et al. (2019).

As the decision for activating a cylinder is made at a
fixed angle, the sampling rate of the delta-sigma mod-
ulator fay is proportional to the number of pistons IV,
and the shaft speed 95,

N0,
2

fax = (12)

The motor’s response when utilizing a full-stroke dis-
placement strategy with a first order delta-sigma mod-
ulator is shown in Figure 10. The dashed lines indicate
the torque reference for the considered displacement.

The figure shows that the resulting winch drum
torque shows excessive torque ripples that will cause
the load to oscillate. Similar torque ripples are also
seen when the other control strategies are considered,
thus posing a general problem. However, the ripples
can be reduced by utilizing DDMs with a higher num-
ber of pistons. Increasing the number of pistons results
in a smoother torque output, albeit with a negligible
decrease in response time. At the same time, the torque
ripples do not affect the analysis of the volumetric ef-
ficiency and the findings of the current paper. There-
fore, the torque ripples are not considered further in
this work but will be addressed in future work.

6000

D =20%

6000

response time

0 —_——— —

A

llO 20 30
Time [s]

D =100% D =60% D =20%

(b)

Figure 10: Torque response for different displacements
with full-stroke displacement strategy at
2rpm. Note the reference signal is given
at t = 0, as previously mentioned. (a)
Torque response when the displacement is
increased. (b) Torque response when the
displacement is decreased.

From Figures 10a and 10b, it is seen that the slowest
response occurs at the largest displacement change of
100 %, which results in a response time of 23s which
far exceeds the desired value of 1.5s defined in Section
2. From the top x-axis, it is also observed that the
response time corresponds to more than half a revolu-
tion. The ideal response time with a full-stroke strat-
egy, from 0% to 100 % displacement and vice versa, is
approximately equal to half a revolution, as the cylin-
ders are activated in sequence (Nordas et al., 2019;
Pedersen et al., 2018a). At 2rpm that corresponds to
15 s; however, there are two delays present that increase
the response time. The delays are illustrated in Fig-
ure 11, which displays the individual flow through the
HPV per cylinder for the 100 % displacement response
shown in Figure 10a. Solid lines indicate the actual
flow through the HPVs, while the dotted lines indi-
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cate the hypothetical flow to the cylinder if the HPV
was open. The output of the delta-sigma modulator is
denoted as aax.

—Qmu,
—Qmu2

Qms
—QHa
—Qnus
L —Qug
—Qur

—— QAR

0 10 20 30
Time [s]

Figure 11: Flow through the HPV for every cylinder
of a single digital displacement motor when
operating at 2rpm and for 100 % displace-
ment with a full stroke displacement strat-
egy. Solid lines indicate actual flow while
dotted lines illustrate hypothetical flow.

The first delay tay is related to the sampling time
of the first order delta-sigma modulator introducing a
time delay until the digital signal is generated. As
shown in Eq. (12), the sampling frequency of the
modulator increases proportionally to the shaft speed.
Therefore, tasx decreases as the motor’s speed in-
creases. The second delay ¢y, is related to the number
of pistons and the timing of the displacement reference
signal. From Figure 11, it is seen that the modulator
sends the signal to activate the 3" cylinder at approxi-
mately t = 8.7 s when the theoretical HPV flow is zero,
which corresponds to the opening angle for the HPV.
However, as described in Section 4, a full-stroke strat-
egy can only update the state of the pistons at a fixed
angle prior to the HPV opening angle. This results in
a delay of approximately ¢y, = 4.5s, shown in Figure
11, before the 4*" piston can be activated. It is evi-
dent that the ¢y, delay is reduced for higher angular
speeds and a higher number of cylinders. The latter
results from the phase shift between the pistons being
reduced when more cylinders are distributed around
the same shaft. The maximum value of ¢y, is given as,

2

13
N.G. (13)

tNC maxr —

To illustrate the response time of the motors when uti-
lizing a full-stroke displacement strategy at the whole
speed range of the drive, Figure 12 is provided. From
the figure, It is seen that the torque response time is
significantly reduced at higher shaft speeds. A response
time below 1.5 s is achieved for shaft speeds higher than
28 rpm.
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Figure 12: Digital displacement motor response behav-
ior at various shaft speeds with a full-stroke
displacement strategy. The reference is
stepped from 0% to 100 %.

5.2 Partial-Stroke Response

For partial strokes, the displacement D is defined as a
function of a normalized displacement input « € [0, 1].
The closing angle for the HPV is given by Eq. (14).

Oupv,cr = arccos(l — 2a) (14)
Va

D=N.— 15

o (15)

The torque response with partial strokes is seen in Fig-
ure 13. When the displacement is reduced, a partial-
stroke strategy updates the HPV closing angle based
on Eq. (14), immediately closing any HPV that has ex-
ceeded the HPV closing angle. This allows the motors
to reduce their torque output near-instantaneously, as
shown in Figure 13b. Therefore, the torque response
when stepping down the displacement is limited only
by the switching time of the valves and is independent
of shaft speed. A partial stroke strategy activates each
cylinder when its relative shaft angle 0, ; is zero and
varies the HPV closing angle as shown in Eq. (14).
Therefore, when the displacement is stepped up from
zero to its maximum value, the motor’s response is
similar to a full-stroke strategy, as shown in Figure
13a. However, it is observed that without the delay
imposed by the first order delta-sigma modulator, the
motor reaches maximum displacement in half a revolu-
tion. At a shaft speed of 2 rpm the winch drive requires
15s to reach its maximum torque, which is ten times
over the desired response time of 1.5s.
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Figure 13: Torque response for different displacements
with partial-stroke displacement strategy at
2rpm. (a) Torque response when the dis-
placement is increased. (b) Torque re-
sponse when the displacement is decreased.

The response of the DDM at various shaft speeds
when utilizing a partial-stroke strategy is shown in Fig-
ure 14.
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Figure 14: Digital displacement motor response behav-
ior at various shaft speeds with a partial-
stroke displacement strategy. The reference
is stepped from 0% to 100 %.

From Figure 14, it is seen that with a partial-stroke
strategy, the DDM’s response time corresponds to 1.5
at 20rpm. As the response time is inversely propor-

tional to the shaft speed with a partial-stroke strategy,
it is ensured that the DDM'’s response is sufficiently
fast for shaft speeds above 20 rpm which is verified from
Figure 14.

5.3 Simplified Sequential Partial-Stroke
Response

The s-SPD strategy proposed by Nordas et al. (2019)
allows the opening of the HPVs to occur at any angle
while the relative shaft angle is above zero, 6,; > 0,
and below the HPV closing angle given by Eq. (14).
The torque response of the winch drive when utilizing
this method is shown in Figure 15.
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Figure 15: Torque response for different displacements
with s-SPD strategy at 2rpm. (a) Torque
response when the displacement is in-
creased. (b) Torque response when the dis-
placement is decreased.

It is seen that the torque response is near-
instantaneous and limited only by the switching time
of the valves, regardless of whether the displacement
is stepped up or down. With the chosen valves, the
response time of the motors when using this method
corresponds to approximately 25 ms, which is well be-
low the desired response time of 1.5s. However, Nordas

et al. (2019) did not investigate the energy efficiency
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of this method and this is hence left to be investi-
gated. The efficiency of the simplified sequential-stroke
displacement strategy is thus investigated in Section
6 along with the efficiency of the other displacement
strategies that are considered in this paper.

6 Displacement Response Energy
Efficiency

This section evaluates the energy efficiency of the con-
sidered displacement strategies. Past studies have es-
tablished the full-stroke strategy as having the highest
energy efficiency, while a partial-stroke is characterized
by a lower efficiency due to the HPV closing at higher
flow rates. The energy efficiency of the s-SPD strategy
proposed by Nordas et al. (2019) has not been evalu-
ated yet.

The motor’s hydro-mechanical efficiency, such as
friction and thermal losses, is disregarded for compar-
ison purposes. Thus, only the volumetric losses intro-
duced by the valves are considered. With this simplifi-
cation, the energy efficiency per cylinder »; is given by
the percentile ratio of the output energy to the input
energy. As each motor contains seven cylinders, the
resulting energy efficiency for the motor 7, is given by
summing up both the input and output energy before
dividing.

N¢
Z Eout,i E
_ =1 . out,i
M= =100 % m = =22100 % (16)
e B Ein,i

1

.
Il

The output and input energy for each cylinder, Foy
and E;, ; respectively, are evaluated from the time the
displacement signal changes i.e. tg = 0 s, and until the
motor completes a full revolution Tyey = 27/ 95.

TT‘eT/
Eini= / Qm,irag — Qr,ipr+
to
(‘/C'L +Qr,i— QH,z’) Peidt  (17)
Peomp,i
Trev
Eout,i = / Tc,iésdt (18)
to

The results of the volumetric efficiency evaluation at
2rpm when the displacement reference is increased are
illustrated in Figure 16 for each displacement strategy.
When the reference is decreased, all strategies demon-
strate nearly 100% efficiency, with only slight varia-
tions beyond the second decimal point, and therefore,
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the results are not shown. Note that the valves were
selected to ensure an energy efficiency of 90 % at the
least efficient operation point, which corresponds to a
speed of 7T4rpm and 25 % displacement, with a partial-
stroke displacement strategy. As a result of this choice,
both the full-stroke and partial-stroke strategies yield
a hydraulic efficiency near 100 %.

[IFull-stroke [ Partial-stroke []s-SPD

2100

Iy R IR
g 80r gis = =
€ 60F

63

C 40}

B

g 20 ¢

= 0

o

> 60 100

Displacement [%)]

Figure 16: DDM Volumetric efficiency over a cycle
when increasing displacement at 2 rpm with
different displacement strategies. Notice
that the efficiency values are rounded to the
nearest integer.

In comparison, the s-SPD strategy switches the
valves in the same manner as the partial-stroke strat-
egy when the displacement is reduced. Therefore, the
energy efficiency is the same for a descending displace-
ment. However, for an increased displacement, certain
HPVs are opened while the corresponding LPVs are
closed simultaneously. This essentially short-circuits
the high-pressure and the low-pressure lines for the
time that the valves require to change states, as shown
in Figure 19a. This method results in some cylinders
having a drastically reduced efficiency. To illustrate
the reduction in energy efficiency, Figure 17 is used.

100 5E
> S
= 90¢ 14~
g )
o o O
g 80t ,35
H g
9 70 23
£ Q
2 60F 11+
: :
3 50 : : : : —0g
> 0 05 1 15 2 25

HPV opening angle [rad]

Figure 17: Energy efficiency of a single cylinder using
the s-SPD strategy for all HPV closing an-
gles for a shaft speed of 2rpm.

The figure shows the energy efficiency of a cylinder
that changes its displacement from 0% to 100 % us-
ing the s-SPD strategy. The x-axis indicates the angle
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where the command to change the displacement was
given, thus opening the HPV valve. The orange line
indicates the flow to the cylinder prior to opening the
HPV. The methodology for obtaining Figure 17 relies
on evaluating the energy efficiency of a single cylinder
over multiple simulations. Figure 18 shows one itera-
tion of the algorithm for reference. The motor’s speed
remains constant at 2rpm, and the HPV closing angle
to the maximum, which results from requesting 100 %
displacement. The angle where the HPV opens and the
LPV closes is indicated by 0, and is swiped from zero
to the maximum HPYV closing angle over multiple iter-
ations. Prior to g, the cylinder is idle, and after the
cycle is completed, the cylinder remains active. The
energy efficiency is evaluated with Eq. (16) for i = 1
and from the time instance where 6, = 6, and until
the shaft completes one revolution. The latter corre-
sponds to the time instance where 05 = 0, + 27.

— 1PV —HPV — p,
puf i ‘ ‘

pL
Open

Closed

0 O T
Shaft angle [rad]

21 Ogp+27

Figure 18: Single iteration of the algorithm used to
evaluate energy efficiency for Figure 17.

From Figure 17 it can be concluded that the result-
ing volumetric efficiency is reduced to 70 %, compared
to the near 100 % efficiency offered by either full- or
partial-stroke strategies.

7 Low-speed Sequential Stroke
Strategy

As shown in Section 6, the s-SPD strategy suffers from
poor efficiency relative to the full-stroke and partial-
stroke strategies. Therefore, in this section, a new se-
quential partial stroke strategy is proposed to improve
energy efficiency while maintaining a fast response.
The new strategy is hereby referred to as low-speed se-
quential partial-stroke displacement strategy (ls-SPD).
The proposed method improves the energy efficiency
by reducing the time period where the HPV and LPV
valves remain open, as shown in Figure 19.
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Figure 19: Illustration of the proposed modification.
(a) HPV flow when the valves switch states
simultaneously, corresponding to 100%
valve overlap. (b)Resulting HPV flow when
the valve overlap is reduced to 15 %.

The valve overlap is defined as the percentile ratio of
the time period where both valves’ positions are greater
than zero over their switching time. Therefore, an over-
lap of 100 % corresponds to the valves switching states
simultaneously, as shown in Figure 19a. It is seen that
with an overlap of 100% there is a flow of approxi-
mately 18001pm that flows directly from the high to
the low-pressure line, which drastically reduces the ef-
ficiency. In Figure 19b the valves overlap is only 15 %.
It is noticed that the flow through the HPV has been
reduced to 2201pm. The flow reduction further enables
the pressure in high- and low-pressure lines to remain
constant. In this study, the supply is assumed to main-
tain constant pressure in the hydraulic lines regardless
of flow demand. In practice, the supply’s dynamics are
unlikely to be capable of providing such a high flow
in the short time that the valves are switching states
and will, therefore, also lead to larger fluctuations in
pressure. To investigate the resulting energy efficiency
from reducing the overlap between the valves through-
out the operating speed range of the drive, Figure 20
is provided.
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Figure 20: Energy efficiency of a single DDM piston at
various speeds using the proposed 1s-SPD
strategy.

The methodology for producing the figure follows
that of Figure 17. However, the shaft angle where the
LPV is closed is fixed at 7/2, which corresponds to the
highest flow to the chamber and, therefore, the low-
est energy efficiency. At every iteration, the overlap of
the valves is reduced. An overlap below zero translates
to a dead zone from the moment the LPV has closed
until the HPV starts to open. For example, at —50 %,
the dead zone equals half the valve switching time ¢, /2.
The process is repeated at various shaft speeds to illus-
trate the limits of the proposed method. It is seen that
when the motor is operating at its minimum speed, the
efficiency reaches almost 100 % when the overlap is be-
low 25%. However, for higher speeds such as 20 rpm
the efficiency starts to decrease when below 15 % over-
lap. This is a result of cavitation that occurs due to the
chamber pressure dropping rapidly when the position
of the LPV becomes too small. This behavior is shown
in Figure 21, which illustrates a single iteration of the
algorithm used to produce Figure 15.

[—LPV —HPV —p,
1
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Figure 21: Single iteration of the algorithm used to
produce Figure 20, with a shaft speed
20rpm and a 5% overlap.

The iteration under consideration was simulated for
a shaft speed of 20rpm and a valve overlap of 5%.
It is seen that when the LPV’s position becomes very
small, the chamber pressure drops rapidly, thus lead-
ing to cavitation in the cylinder chamber. As the mo-
tor’s shaft speed increases, cavitation occurs at higher
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overlap values. This phenomenon results in the ls-
SPD strategy being less robust at higher speeds, as
the valves must be actuated with increased accuracy
to achieve high energy efficiency. This phenomenon is
especially clear at the line that corresponds to 74 rpm.
From Figure 20, it is observed that in order to main-
tain efficiency over 90 % and avoid cavitation, the valve
overlap has to remain between 25 % and 55 %, which is
indicated by the vertical dotted lines.

8 Results

The DDM'’s response when utilizing the 1s-SPD method
is shown in Figure 22 for a shaft speed of 2rpm and a
15 % valve overlap.
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Figure 22: Torque response for different displacements
with the 1s-SPD strategy at 2rpm. (a) Re-
sponse when the displacement is increased.
(b) Response when the displacement is de-
creased.

By comparing Figure 22 to the response of the s-
SPD strategy shown in Figure 15, it is seen that the
response time remains nearly identical to that of the
s-SPD strategy. At a 15% valve overlap, the motor’s
response time is approximately 50ms. In comparison
with the 25 ms response time offered by the s-SPDS,
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both strategies offer a response time well below the de-
sired 1.5s reference. The volumetric efficiency of the
motor’s response with the 1s-SPD is evaluated follow-
ing the methodology presented in Section 6 and com-
pared with the efficiency of the s-SPD strategy. The
results are shown in Figure 23. The reduction in effi-
ciency at higher speeds and low valve overlap is due to
chamber cavitation. It is observed that the proposed
method significantly improves energy efficiency com-
pared to the s-SPD strategy when the displacement ref-
erence is increased. The most significant improvement
occurs at 20 % displacement, where the volumetric effi-
ciency is increased to 100 % compared to the 70 % that
corresponds to the s-SPD strategy. At higher displace-
ments, the efficiency is increased from 87 % and 85 %
to a 100 %. As mentioned in Section 6, both strategies
control the valves in the same manner when the refer-
ence is decreased and yield 100 % volumetric efficiency.
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Figure 23: DDM Volumetric efficiency comparison be-
tween s-SPD and 1s-SPD strategies, over a
cycle when changing displacement at 2 rpm
when the displacement increases.

9 Conclusions

This study analyzed the effectiveness of different dis-
placement control strategies for maintaining the re-
sponse time of a digital winch drive below 1.5s and
energy efficiency above 90 % without considering hy-
dromechanical losses across its operational range. The
proposed drive’s parameters and requirements were de-
rived from a commercial offshore hydraulic winch drive
system. The requirement of 1.5s response time was
derived from the average response time of the con-
ventional hydraulic motor. This benchmark was em-
ployed to evaluate the response time of the various
displacement control strategies. The full-stroke dis-
placement strategy demonstrated exceptional volumet-
ric efficiency nearing 100 %, regardless of the given
displacement reference. However, the strategy could
only meet the desired response time for speeds above
28 rpm. In contrast, the partial-stroke strategy ful-

filled the response time criteria for speeds above 20 rpm
when the displacement reference was increased. For de-
creasing displacement reference, the motors could re-
spond instantaneously, independently of the motor’s
shaft speed. The selected digital valves ensured that
the partial-stroke strategy could maintain a minimum
efficiency of 90%. Additionally, the s-SPD strategy
proposed by Nordas et al. (2019) enabled the motors
to respond instantly regardless of the shaft speed or
whether the displacement reference increased or de-
creased. However, the authors’ suggestion of simul-
taneously switching the valve states substantially re-
duced energy efficiency and placed strict requirements
on the drive’s supply. To address this drawback,
this paper introduced the 1s-SPD strategy, which lim-
its the flow from the high- to the low-pressure line
while the valves switch states by delaying the open-
ing of the HPV. The new strategy improved the mo-
tor’s energy efficiency by up to 43%. However, at
higher shaft speeds, cavitation occurrences reduced
the method’s robustness, rendering it unsuitable for
high-speed operations. Nevertheless, the proposed low-
speed sequential-stroke strategy remains advantageous
at speeds below 20rpm, ensuring a fast response and
an energy efficiency above 90 %.
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