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Abstract: In offshore winch drive applications, determining the required number of pistons in digital
displacement motors is critical for minimizing torque ripples. Digital displacement motors have
shown promise for improving energy efficiency for offshore operations, such as placing equipment
on the seabed or mineral drilling. However, they are known for exhibiting significant torque ripples,
which can affect load-handling precision. This paper estimates the required number of pistons
for realizing a digital hydraulic winch drive based on information from a commercial winch. The
proposed drive employs full-stroke displacement strategies at high speeds and partial-stroke at low
speeds. By simulating steady-state operations, this study correlates torque output with position
oscillations. The results show that 37 pistons are required to keep position oscillations below a
benchmark threshold of 10 mm throughout the drive’s operating range to avoid hindering the drive’s
performance. However, such a high piston count could result in high costs due to the large, expensive
valves required for partial-stroke operations. Therefore, this paper suggests an alternative drive
topology for future research, which could potentially reduce the number of pistons that are operated
with partial strokes.

Keywords: digital hydraulics; winch drive; offshore; energy efficiency; valves

1. Introduction

Operating within challenging maritime conditions, offshore cranes extensively employ
winch drives for precise load handling. These loads often weigh several hundred tons
and operate at relatively slow hoisting speeds, typically below 8 m/min. An example of a
commercially available offshore knuckle-boom crane, with a load capacity of up to 150 t, is
depicted in Figure 1. The winch drive controls the vertical position of the load, which is
suspended from the hook and can be controlled by extending or retracting the wire. As the
offshore industry endeavors to align with various environmental requirements, enhancing
the energy efficiency of these drives is gaining increased significance. Hydraulic digital
displacement motors (DDMs) have surfaced as potential solutions for augmenting the
energy efficiency of offshore winch drives. DDMs are radial piston motors with the unique
capability of individually controlling the flow to each piston through a pair of digital valves,
which can significantly mitigate leakage, friction, and compressibility losses in comparison
to their conventional counterparts, thus yielding much higher part load efficiency. Multiple
research findings and practical implementations highlight their enhanced energy efficiency
in areas like off-road vehicles, suspension mechanisms, and wave energy conversion
systems [1–7].

Comprehensive descriptions of digital displacement pumps and motors are available
in the existing literature [8–12]. The efficiency and response behavior of DDMs depend
critically on the specifics of the valve timing control (VTC). The VTC strategy impacts the
handling of piston strokes and, consequently, the displacement control strategy. Several dis-
placement control strategies have been suggested, generally falling into three classifications:
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full-stroke displacement (FSD), partial-stroke displacement (PSD), and sequential partial-
stroke displacement (SPD). The chosen displacement control strategy and the number of
pistons that the DDM utilizes determine the motor’s response time and steady-state behav-
ior as well as its energy efficiency. The response behavior and energy efficiency of the DDMs
when utilizing these strategies have been explored in a range of studies [1,11,13–15]. How-
ever, these investigations primarily deal with digital displacement machines functioning at
high speeds, typically above 500 rpm.

Winch 

Drive

Hook

Auxiliary

 Winch Drive

Figure 1. Offshore knuckle-boom crane from NOV, a globally known producer of offshore machinery.
The crane is designed to handle loads of up to 150 t and it is placed on land for testing purposes.

The response time of digital displacement motors is typically characterized as the
duration required for the motor to increase its torque output from zero to peak value.
An appraisal of the displacement strategies mentioned earlier by [16] demonstrated that
the selection of the optimal displacement strategy is contingent upon the specifics of the
application in question. The study found that for high-speed operations, a full-stroke
displacement strategy provides short response times and high energy efficiency. For
medium to low speeds, a partial-stroke displacement strategy facilitates faster responses at
lower displacements since all cylinders are utilized to attain the desired displacement, albeit
at the expense of energy efficiency. For extremely low speeds, the sequential partial-stroke
displacement strategy delivers swift response times, limited only by the valve actuation
time, but significantly increases energy losses.

Existing literature offers limited research on the steady-state oscillatory behavior of
DDMs. Holland [17] proposed an algorithm enabling an FSD-controlled motor to achieve
the smoothest possible output over a cycle. Merril [13] compared this algorithm with a
PSD strategy and demonstrated that the latter produced the highest torque fluctuations
at 50% displacement, while the FSD strategy exhibited the highest torque ripples below
30% displacement. Dumnov and Caldwell [18] introduced a combined FSD and PSD
strategy that leveraged a quantization algorithm to prevent digital displacement pumps
from generating low-frequency flow. Although this method enhanced the displacement
resolution compared to an FSD strategy, it was unclear whether the same technique could
be applied to a DDM. A unique method, termed ”creep mode“, was presented by Larsen
et al. [19] for managing DDMs at exceptionally low speeds. This method, falling under
the sequential partial-stroke category, relies on the gradual movement of the motor’s shaft
from one-moment equilibrium to another by selectively pressurizing or depressurizing one
chamber at a time. High positional accuracy can be achieved through this method, but
Larsen et al. noted that the method can induce more wear on the valves and the electrical
system due to frequent valve switching for small motions.

The work of Nordås et al. [20] critically analyzed the steady-state behavior and re-
sponse times of digital displacement motors in the context of a winch drive. Their findings
showed that both FSD and PSD strategies exhibited poor response rates for low-speed
applications such as offshore winch drives. Although a sequential-stroke strategy presented
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a faster response, it necessitated a higher switching frequency of the digital valves. In
response to these challenges, the authors put forward a simplified form of a sequential
partial-stroke displacement strategy (s-SPD). This strategy closely mirrors a traditional
partial-stroke strategy, but it allows any piston that can contribute torque towards the
desired direction to change the states of the valves to pressurize the chamber, irrespective
of the shaft position when the displacement reference is increased. This allows for a rapid
motor response without requiring frequent valve actuation. However, the energy efficiency
of this approach was not investigated in their study. This approach was further explored
and refined by Farsakoglou et al. [21] in the context of an offshore winch drive actuated
by DDMs, based on a commercial winch drive system by NOV. The conclusions of the
paper suggested that the s-SPD strategy allows for a swift response time, which is crucial
when the motors operate below 20 rpm. Above this operational speed, a PSD strategy can
deliver an adequately low response time. However, it was demonstrated that the s-SPD
strategy significantly compromises the motor’s energy efficiency. As a result, an alternative
low-speed sequential partial-stroke displacement strategy (ls-SPD) was proposed, which
led to high volumetric efficiency for the motor. With the s-SPD strategy, the motor can
pressurize a chamber by switching the valve states simultaneously, which leads to high vol-
umetric losses. The ls-SPD strategy counteracts this issue by introducing a minor time delay
between the valves as they transition between states. This approach significantly enhanced
the motor’s volumetric efficiency; however, it was deemed unsuitable for high-speed
operations due to its strict timing requirements on the precision of valve actuation.

This paper aims to ascertain the required number of pistons for DDM technology
in order to produce torque fluctuations that do not impede the accurate load-handling
ability of the considered drive system. The analysis considers the resulting load position
oscillation resulting from the torque pattern that is produced by different displacement
control strategies, particularly at the slowest operational speed where torque ripples have
their most extended duration. The investigation also considers a combination of full-stroke
and partial-stroke strategies for controlling the torque output of the drive system. By
implementing a full-stroke strategy alongside partial-stroke strategies, it is plausible to
significantly reduce the need for costly large valves, which are mandatory for partial-stroke
strategies, by substituting them with smaller, more affordable valves that a full-stroke
strategy can employ. However, this approach is not explored further, and it is instead
proposed for consideration in future research. The offshore winch drive being examined
was originally presented by [22], and also considered in [21], and is designed following a
commercial winch drive system by NOV, a globally recognized manufacturer of offshore
cranes and winch drive systems [23]. In this context, traditional hydraulic motors and their
associated gearboxes have been superseded by digital displacement motors.

This paper is structured as follows. Section 2 offers an overview of the commercially
available winch drive system and the considered winch drive that makes use of digital
displacement motors. Section 3 presents the methodology for modeling the DDMs. The
considered displacement control strategies are subsequently detailed in Section 4. Section 5
outlines the methodology utilized to correlate torque fluctuations with oscillations in the
load position. The results of the study are found in Section 6, which also presents the
analysis for determining the necessary number of pistons. The conclusions derived from
the study are finally summarized in Section 7.

2. Commercial and Digital Winch Drive Topologies

An illustration of the original winch drive is shown in Figure 2.
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Figure 2. A simplified depiction of the commercial offshore winch drive produced by NOV.

The drive system is composed of two interconnected systems: the active and passive
systems, represented by the dashed line boxes. These systems work in tandem, both
linked to the same ring gear. The passive system, through secondary control, maintains
near-constant pressure levels. Its motors modify their output to yield a consistent torque
that counteracts the gravitational pull on the load. Conversely, the active unit’s role is to
match the velocity input from the crane operator, while also mitigating friction and external
disturbances. As shown in Figure 1, the crane is equipped with an auxiliary winch that is
rated for up to 20 t loads. Therefore, the main winch is utilized to lift loads over 20 t and up
to its rated value of 150 t.

The proposed drive system, characterized as an offshore digital hydraulic winch drive,
is depicted in Figure 3. Compared to the passive subsystem of the conventional drive,
here, the motors are directly connected to the winch drum solely by a pinion-to-ring gear
connection. Similarly, a digital displacement pump (DDP) and a double-piston accumulator
are used to maintain a quasi-constant pressure in the high-pressure (pH) and low-pressure
(pL) lines.

M

N2

1

1. Digital Displacement Pump

2. Digital Displacement Motors

3. Pinion

4. Ring gear

5. Winch Drum

6. Double piston Accumulator

2

3

4

6

pH 

pL 

5

Figure 3. Offshore digital hydraulic winch drive.

In order to evaluate the torque oscillations produced by the DDM, the study assumes
constant pressures in the high- and low-pressure lines, thus discarding the pressure line
dynamics. Therefore, the digital winch drive is simplified, as shown in Figure 4.

pH 

pL 

DDM

Figure 4. A simplified representation of the proposed offshore digital winch drive.
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A graphical illustration of a digital displacement motor equipped with five pistons is
provided in Figure 5a. The pistons of a DDM are evenly arrayed around the motor’s shaft,
as depicted in Figure 5b, and each piston chamber is controlled by a pair of digital valves.

(a)

pH

pL

(b)

Figure 5. (a) Basic depiction of a digital displacement motor featuring five pistons, inspired by [21].
(b) A 3D model showcasing a five-piston radial piston motor, with one chamber controlled by a pair
of digital valves.

The focus of this paper is the torque output fluctuations exhibited by the DDM around
the target value, which depend on the valve actuation strategy and the number of pistons
utilized by the motor. The displacement control strategies under consideration are detailed
in Section 4, while the torque oscillations are discussed and mitigated in Section 6. These
torque ripples can compromise the control accuracy of the drive’s position as they can lead
to load position errors. Consequently, it is crucial to choose an adequate number of pistons,
ensuring that the position errors remain minimal. This allows the winch drive to precisely
follow the reference input, irrespective of the employed displacement control strategy.

The main challenge that winch drives need to address in offshore operations is coun-
teracting the disturbance of wave-induced heave motion, which causes vertical oscillations
at the crane’s tip. This motion is typically modeled using the JONSWAP wave spectrum,
as outlined by [24]. Figure 6 provides an illustration of a resultant wave-induced vertical
motion at the crane tip, a disturbance the winch system is designed to compensate for.

50 60 70 80 90 100
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Figure 6. Wave−induced vertical oscillation at the crane’s tip, simulated using the JONSWAP
wave spectrum.

The control scheme utilized by the digital winch drive, shown in Figure 7, is similar
to the one used by the active subsystem of the conventional drive [25]. Using the load’s
position error, the controller adjusts the DDM’s displacement. This error is determined
from the operator’s input, measured heave motion, and the position of the winch drum.
Subsequently, the controller’s output is modulated through the displacement strategy to
a stream of ones and zeros, actuating the digital valves accordingly. The displacement
strategies are described in Section 4.
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Figure 7. Offshore digital hydraulic winch drive control scheme.

The offshore industry requires that winch drives must possess the capacity to compen-
sate for heave motion to the extent that the load’s position deviates no more than ±100 mm
from the reference point. This study does not consider heave compensation methods.
Instead, the requirement for a position error margin below 100 mm during heave compen-
sation is used as a point of reference for the purposes of the analysis to identify the optimal
number of pistons. Thus, it is essential to ensure that position errors stemming from torque
oscillations fall well below the aforementioned error margin. For this analysis, a maximum
acceptable error of 10 mm is used as a benchmark for comparison purposes. Larger or
lower values will thus influence the conclusions on how many pistons are required but not
the general conclusions of the paper, as discussed at the end of the paper.

The parameters for the digital displacement motors and the digital winch drive are
detailed in Table 1. As the objective of the paper is to identify the number of pistons Nc
required to achieve a position error below 10 mm, the piston displacement volume Vd
and the dead volume V0 are provided as a total sum. These values represent the total
displacement required to drive the drum, given the supply pressure, and are therefore
distributed equally amongst the resulting number of pistons. The valve characteristics
presented in Table 1 do not correspond to a specific valve. Rather, these parameters are used
to ensure that the valve characteristics do not unduly influence the analysis by introducing
significant pressure drops during high-flow conditions. The necessary valve characteristics
for a specific number of pistons can be determined following a procedure akin to the one
presented by [22].

Table 1. Parameters for the digital displacement motors, digital valves, and winch drive.

Digital Winch Drive Parameters

Symbol Description Value Unit

γpr
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

βoil Oil bulk modulus 15,000 bar
pH High pressure 330 bar
pL Low pressure 25 bar

∑ V0,i
Summation of piston

dead volume 4240 cm3

∑ Vd,i
Summation of piston
displacement volume 84,820 cm3
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Table 1. Cont.

Digital Valve Parameters

Symbol Description Value Unit

ts Switching time 5 ms
k f Flow coefficient 2900 min

√
bar/cm2

3. DDM Model

Due to the uniform arrangement and identical nature of the cylinders, the operational
attributes of the motor can be modeled based on Figure 8, and subsequently replicated
for the remaining cylinders. This method of modeling the dynamics of DDMs is well
established in the literature [13,17] and has been verified experimentally [20].

V0

pc

pL

pH

QH

QL

θs

Low-Pressure 

Valve

High-Pressure 

Valve

Shaft

re

xc

Figure 8. Sketch of an individual piston from the digital displacement motor under consideration.

In this context, the pistons share a common shaft speed, denoted by θ̇s, while the shaft
angle θs,i introduces a relative phase shift for each piston, as expressed in Equation (1):

θs,i = θs −
2π

Nc
(i− 1) θ̇s,i = θ̇s i ∈ {1, . . . , Nc} (1)

Here, Nc and the subsequent parameters correspond to the parameters presented in Table 1.
The piston’s displacement xc,i is a function of the shaft’s angle:

xc,i = re(1− cos(θs,i)) (2)

where re is the eccentric radius of the shaft. The pressure dynamics of each chamber ṗc,i
are given by the continuity Equation (3), which is dictated by the orifice equations for
fluid flow via the high-pressure valve QH,i, low-pressure valve QL,i, and the displacement
volume of the piston, as denoted in Equation (3):

ṗc,i =
βoil
Vc,i

(
QH,i −QL,i − V̇c,i

)
(3)

QH,i =
x̄H,i

k f

√
|pH − pc,i|sign(pH − pc,i), (4)

QL,i =
x̄L,i

k f

√
|pc,i − pL|sign(pc,i − pL) (5)

x̄H,i and x̄L,i denote the normalized spool position of the high-pressure valve (HPV) and
low-pressure valve, respectively (LPV). The cylinder’s volume Vc,i, volumetric flow rate
V̇c,i, and shaft torque Tc,i are all geometric functions of the shaft’s angle, with the latter
further influenced by the cylinder’s internal pressure.

Vc,i = V0 +
Vd
2
(1− cos θs,i) V̇c,i =

Vd
2

θ̇s sin θs,i Tc,i =
Vd
2

pc,i sin θs,i (6)
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The chamber’s displacement volume Vd is given by:

Vd = 2re Ap (7)

where Ap is the piston’s area. The total torque output Tw of the winch drive is expressed as
a sum of the individual piston torques:

Tw = γpr

Nc

∑
i=1

Tc,i (8)

The movement of the valves is modeled using a sigmoid function. Consequently, when
a valve closes, it undergoes a constant negative acceleration during the first half of its
switching time, and a constant positive acceleration for the second half, as illustrated in
Equation (9). The signs in the piecewise function are inverted when the valve opens.

x̄ =

t0+ts∫
t0

t0+ts∫
t0

ε dtdt (9)

ε =


− 4

t2
s

for t0 < t <
ts

2
+ t0

4
t2
s

for
ts

2
+ t0 ≤ t < ts + t0

(10)

Here, x̄ denotes the normalized valve spool position, and ε denotes the spool acceleration.

4. Displacement Control Strategies

This section provides a brief overview of the three displacement control strategies
under consideration, using Figure 9 for illustration. More detailed descriptions of these
strategies are found in [13,26]. Figure 9 presents the simplified pressure and flow patterns
of a single cylinder over a revolution, based on the valve actuation sequences produced by
each displacement strategy. The states of the valves are displayed at the bottom of each
figure, with the resultant flow and pressure depicted at the top.

0 : 2:
Closed
Open

0

Max. Flow
FSD

0 : 2:

PSD

0 : 2:

pL

pH

ls-SPD

QH;i HPV LPV pc;i

Figure 9. Depiction of the contemplated displacement control strategies.

A full-stroke displacement strategy uses a specified number of cylinders in a single
revolution to manage the displacement. The total displacement of the motor in one revo-
lution corresponds to the number of active cylinders. For instance, if only one cylinder is
activated, the motor’s displacement is equal to 1/Nc = 14% for Nc = 7. With this approach,
the motor’s displacement manifests as discrete values, with intermediate displacement
values achievable only across multiple rotations. An established method to generate signals
for cylinder activation, aimed at attaining these intermediate displacement values, employs



Energies 2023, 16, 7371 9 of 18

a first-order delta-sigma modulator. This method, depicted in Figure 10, was first put forth
by [27].

1

0

First order delta-sigma modulator

1

0

1

0

Figure 10. Arrangement of a first-order delta-sigma modulator [20].

The modulator receives the desired displacement as input and generates a stream of
ones and zeros. A bit with a value of one corresponds to an active cylinder and a zero to an
idling cylinder. The term idling cylinder refers to a piston that remains connected to the
low-pressure line over a full cycle. Given that the determination to activate a cylinder is
resolved at a fixed angle, the sampling rate of the delta-sigma modulator f∆Σ demonstrates
proportionality with both the number of pistons Nc and the shaft speed θ̇s.

f∆Σ =
Nc θ̇s

2π
(11)

In an active cylinder, the high-pressure valve opens when the shaft reaches θs = 0,
and the low-pressure valve opens at θs = π, corresponding to the points of minimum flow.
To prevent valve openings against high pressure, the HPV and LPV close before the shaft
reaches π and 0, respectively, thereby allowing chamber pressurization or depressurization
to balance the pressure across the HPV or LPV before opening. Idling cylinders keep the
HPV closed and the LPV open throughout the entire stroke. As pressurization is not needed
in an idling cycle, the decision to activate or idle a cylinder is made at a set angle before the
angle at which the LPV closes.

A partial-stroke displacement strategy always activates all cylinders when a non-
zero displacement is requested, but it varies the HPV closing angle (θHPV,CL) to regulate
the displacement over a revolution. The HPV closing angle is given as a function of a
normalized displacement input α ∈ [0, 1]:

θHPV,CL = arccos(1− 2α) D = Nc
Vd
2π

α (12)

where D is the motor’s displacement. This yields a continuous motor displacement relative
to the HPV’s closing angle. At zero displacement, all HPVs stay closed, and LPVs open.
Similar to FSD, the decision to close the LPV for chamber pressurization is made at a fixed
angle before the LPV closing angle. Theoretically, a partial stroke can occur at any shaft
position between 0 and π. However, the described approach is predominantly favored as
it minimizes volumetric losses due to the HPV opening at the lowest flow and chamber
pressurization before HPV opening.

Sequential partial-stroke strategies involve multiple valve switches over a stroke to
attain the desired displacement. This means any number of cylinders can be activated at
any time to provide the required displacement. For a seven-cylinder motor, this equates to
2Nc = 128 potential configurations of active and idle cylinders. However, past studies indi-
cate this method results in frequent valve switching and substantial energy losses [16,20].
Consequently, a low-speed sequential partial-stroke displacement strategy, as proposed
by Farsakoglou et al. [21], is considered. The strategy operates similarly to a partial-stroke
strategy but permits the HPV to reopen when a larger displacement is needed. For instance,
assuming the displacement reference is increased to 100% at a shaft angle of 2π/3, as
shown in Figure 9, a partial-stroke strategy can only allow the HPV to open and flow into
the chamber when the shaft reaches 0. However, the ls-SPD strategy allows the chamber to
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be pressurized in the same cycle by closing the LPV and opening the HPV after a small
delay, thus allowing a nearly instantaneous displacement response.

Figure 11 depicts the torque output of a seven-piston DDM-driven winch when
applying the previously mentioned control strategies with respect to the motor’s shaft
angle. Solid lines represent the system’s torque response over the angular domain, while
the dashed lines designate the displacement reference. The displacement reference signal
initiates at θs = 0 in each figure. The drive’s transient response characteristics include
response time and torque ripple amplitude which are indicated in the figure. The former
is determined by the duration it takes for the drive to attain its peak displacement from
a zero displacement, while the latter is quantified as the magnitude of torque oscillations
around the reference value. As shown in Figure 11, for a given displacement, the torque
profile remains fixed in the angular domain and, therefore, variable in the time domain as
the motor’s speed changes.

response
time

torque
ripples

Figure 11. Torque behavior of the examined displacement control strategies within the angular
domain, featuring a seven-piston motor operating the winch [21].

The response time resulting from the application of various displacement control
strategies for the considered digital winch drive has been studied by Farsakoglou et al. [21].
The authors identified specific operating speed ranges in which each of the three displace-
ment strategies could be effectively employed. These ranges are illustrated in Figure 12,
which encapsulates the findings. The appropriate operational range for each strategy
was determined by comparing it to a benchmark response time of 1.5 s, equivalent to the
average response time of the traditional hydraulic motors utilized in the commercial drive.
The figure depicts the resultant response time of the seven-piston DDM across the entire
speed range for different strategies.

More specifically, the results showed that the ls-SPD strategy should be deployed
in the operational speed range of 2 to 20 rpm. Beyond 20 rpm, the strategy necessitates
stringent valve timing control requirements to avert cavitation. Contrary, both PSD and
FSD strategies were found appropriate for usage at speeds exceeding 20 rpm and 28 rpm,
respectively [21].

This paper continues to build upon the work of [21], specifically examining the in-
fluence of torque fluctuations on the positioning of the load. As the duration of these
fluctuations is inversely proportional to the motor’s shaft speed while their amplitude
remains fixed, the analysis focuses on the lowest operating speed for each strategy. Addi-
tionally, as observed in Figure 11, the torque responses of the PSD and ls-SPD strategies
only differ in terms of their response times, while their steady-state responses are identical.
Therefore, these strategies are jointly considered for the analysis of torque ripples. From
Figure 11, it can be determined that with an FSD strategy, the torque ripples are significantly
visible at low displacements where fewer cylinders are activated. For PSD and ls-SPD
strategies, the most substantial torque fluctuations occur at 50 % displacement.
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Operating range

Operating range

Operating range

Figure 12. Torque response time of the considered digital winch drive with each displacement control
strategy in the whole operating speed range of the motors.

5. Winch Drum Dynamics

To estimate the ensuing load oscillations based on the DDM’s torque output, it is
necessary to consider the dynamics of the winch drum and the wire. Similar methods for
modeling winch drum dynamics are available in the literature [28]. A simplified illustration
of the winch and an attached load with a mass mload is seen in Figure 13a. The wire is
wrapped around the winch drum in layers. Therefore, depending on the amount of wire
that is released, the drum’s effective radius Rw and inertia Jw vary. The winch drum
parameters that are used in this section are found in Table 2.

Wire layer

mload

Tw TloadJw

Rw

(a)

mloadRw,min

mwire
Jw,min

(b)

mloadRw,max

Jw,max

mloadRw,max

Jw,max

(c)
Figure 13. (a) Illustration of the considered winch drum system. (b) Equivalent winch drum model
with the wire fully paid out. (c) Equivalent winch drum model with the wire fully reeled in.

In this analysis, the wire is assumed to be rigid regardless of the amount of wire that is
reeled out. Typically, wire dynamics can be modeled as a spring and damper system with
parameters that vary depending on the length of wire that is paid out [24]. By assuming
the wire to be rigid, the drum’s equivalent inertia, illustrated conceptually in Figure 13b,c,
can be calculated for a given load as:

Jw = Jdrum + Jwire + (mload + mwire,2)R2
w Jwire,max =

mwire,1

2

(
R2

w,min + R2
w

)
(13)

where mwire,1 denotes the mass of wire that is wrapped around the winch drum and mwire,2
the wire that has been released, so that the total wire mass mwire is given as:

mwire = mwire,1 + mwire,2 (14)

The effective drum inertia and radius as a function of the load’s position for a 20 ton load is
depicted in Figure 14. The figure reveals that the winch manifests its greatest inertia when
the wire is fully wound around the drum, corresponding to an expanded drum radius. As
the wire unwinds and the load is lowered, the drum inertia decreases, with particularly
rapid reductions occurring as the effective drum radius diminishes. It should be noted
that in the real application, the radius transition is smoother. Thereby, the inertia is not
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reduced in a step-wise fashion but instead transitions with a small slope. However, this
simplification does not affect the calculation of the maximum and minimum values of the
drum’s inertia.

Jw,max

Jw,min

Figure 14. Variation of equivalent drum inertia with respect to the load position for a load of 20 tons.

The load acceleration ẍload can be calculated directly from the winch drum’s accelera-
tion θ̈w, which obeys Newton’s second law:

ẍload =
θ̈w

Rw
=

Tw − Tload − Tf riction

Rw Jw
where Tload = mloadgRw (15)

where g is the gravitational acceleration, Tload is the load’s gravity-induced torque, and
Tf riction is the torsional friction. To identify the highest position errors that can occur, the
analysis is conducted with the motors operating at the lowest possible speed. This is
depending on the utilized strategy, as indicated in Figure 12. From Equation (15), it is
implied that in a steady state:

Tw = Tload + Tf riction (16)

where Tload is known and corresponds to the load’s gravitational torque on the drum.
The precise value of Tf riction is unknown; however, based on the friction model of the
conventional model, which was presented by Moslått et al. [29], it can be estimated to
be approximately:

Tf riction ≈
Tload
10

(17)

at 2 rpm. When considering an FSD strategy, which exhibits the largest torque ripples at the
lowest displacement, the motor displacement is chosen so that the average motor torque
leads to a steady state as shown in Equation (16). However, for PSD and ls-SPD strategies,
the largest torque ripples occur at 50% displacement as noted in Section 4. This value
results in half the maximum torque output the drive can exhibit, which would accelerate
the load. However, for the analysis, the simplification is made that the load is moving
with constant velocity to simplify the analysis. This is a conservative assumption, thus
overestimating the maximum position error when utilizing partial-stroke strategies. The
load position error xerror for one torque ripple period can be calculated as:
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ẋerror(τ) =

ẋload︷ ︸︸ ︷
τ∫

0

Tw − Tw,avg(τ)

Jw
Rwdt−ẋload,avg(τ) where (18)

Tw,avg(τ) =

τ∫
0

Twdt

τ
, ẋload,avg(τ) =

τ∫
0

ẋloaddt

τ
(19)

xerror(τ) =

xload︷ ︸︸ ︷
τ∫

0

ẋerror −xload,avg(τ) where xload,avg(τ) =

τ∫
0

xloaddt

τ
(20)

where τ is the torque’s period based on the utilized strategy. Equations (18) and (20) are
illustrated graphically in Figure 15.

τ
{{

(a)

τ
{{

{

(b)
Figure 15. (a) Calculation of load speed oscillations. (b) Calculation of load position oscillations.

As indicated by Equations (18) and (20), the most significant position oscillations are
expected to occur when the winch drum possesses the minimum inertia. Consequently,
the analysis is conducted using the smallest load that the crane is expected to handle,
corresponding to 20 t, as discussed in Section 2. Notably, when the drum inertia is at its
absolute minimum, corresponding to the smallest effective drum radius, the drum operates
at roughly twice the speed compared to its operation at the maximum effective radius.
This phenomenon occurs because the load’s minimum speed is always 2 m/min as noted
in Table 2, while the drum’s effective radius varies. Therefore, at the initial stage of this
analysis, it is required to determine which parameter, drum inertia or motor’s speed, has a
more profound impact on the oscillations of the load’s position.

Table 2. Winch drum parameters.

Digital Winch Drive Parameters

Symbol Description Value Unit

Max. load speed 75 m/min
Min. load speed 2 m/min

Jdrum Drum inertia without wire 89,600 kg m2

Rw,min Min. winch drum radius 1.3 m
Rw,max Max. winch drum radius 2.3 m
mwire Wire mass 82,852 kg
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6. Torque Oscillations

The torque output of a DDM is inherently dependent on the shaft angle, which results
in a consistent and predictable pattern within the angular domain. It is noted that torque
ripples persist for a longer duration at the lowest load speed. Nevertheless, the minimum
operating speed is contingent upon the displacement control strategy being employed, as
shown in Figure 12.

6.1. Seven-Piston DDM Drive

Initially, the methodology described in Section 5 is utilized to calculate the position
errors of the load that result from torque ripples, employing the seven-piston DDM model
proposed by [21]. The purpose is to provide the reader with an initial understanding of
how the different displacement control strategies affect torque oscillations. Furthermore,
this subsection provides useful insights into how the different operating points affect the
load’s position oscillations.

For an FSD strategy, pronounced torque fluctuations are predominantly observed at
minimal displacements. The smallest displacement transpires when the motors generate
an average torque that neutralizes the gravitational torque of the load. This situation
corresponds to a displacement, DFSD, of 10% for the maximum drum radius Rw,max, and
6 % for the minimum radius Rw,min. The percentage of the maximum displacement that is
required to achieve a steady state can be calculated as follows:

DFSD =
FloadRw

(pH − pL)γpr

1
DFSD,max

100% (21)

The torque profile for a single period, τFSD, in the angular domain for the aforementioned
cases is depicted in Figure 16a. The orange solid line signifies the torque output when the
drum operates at its minimum radius, while the solid blue line represents the torque output
at the maximum drum radius. The dashed lines depict the mean torque produced at these
two operational points. Torque ripples, Tripp, are defined as the peak-to-peak amplitude. In
this situation, the period of the torque exceeds a full revolution, or 2π, due to the signals
produced by the first-order delta-sigma modulator as explained in Section 4.

The resulting position error for the load, xe, is displayed in Figure 16b. It is noted
that the position errors reach an excessive height, surpassing 1100 mm, when the winch
drum operates at its maximum radius. However, at the minimum winch drum radius, the
maximum error decreases to 700 mm, a value that nonetheless hinders precise position
control. The reduction in position error with the winch operating at its minimum radius can
be attributed to the elevated motor speed, approximating 48 rpm. This speed considerably
surpasses the 28 rpm observed when the drum radius is at its maximum, thereby dimin-
ishing the duration of the torque ripples and subsequently reducing the resultant position
errors. From these observations, it can be deduced that the most substantial position errors
occur when the winch operates at its maximum radius. Given this conclusion, the maxi-
mum radius and inertia are utilized to estimate the resulting position errors throughout the
remaining sections of the paper.

For the PSD and ls-SPD strategies, the largest ripples are identified when the motor
displacement is at 50%. A partial-stroke strategy always activates all pistons for a non-zero
displacement. Therefore, the torque profile is always fixed for a full motor revolution. The
resulting torque over a revolution is seen in Figure 17a while the resulting position error
is calculated with Equation (20) and depicted in Figure 17b for an angular motor speed
of 2 rpm. It is seen that the position error oscillates with an amplitude of approximately
2000 mm, which is orders of magnitude higher than the required position of 10 mm.
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τFSD

τFSD

Tripp

(a)

{{

{{

{{

(b)
Figure 16. FSD strategy. (a) Winch’s torque output for the maximum and minimum effective drum
radii and Nc = 7. (b) Resulting load position error for the maximum and minimum effective
drum radii.
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Figure 17. PSD and ls-SPD strategies. (a) Winch’s torque output with a 50% displacement and Nc = 7.
(b) Load’s position error at 2 rpm for the maximum effective drum radius.

6.2. Analysis of the Number of Pistons

From Section 6.1, it is concluded that seven pistons are not sufficient for accurate
control of the load. Therefore, it is required to identify the necessary number of pistons
in order to reduce the effect of the torque ripples on the accurate positioning of the load.
For that purpose, the methodology for producing Figures 16 and 17 is repeated while the
number of pistons is increased. The results are shown in Figure 18.
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Figure 18. Maximum load position error and torque ripples as a function of the number of cylinders.
(a) FSD strategy operating at 28 rpm and with a 10% displacement. (b) PSD and ls-SPD strategies
operating at 2 rpm and with a 50% displacement.
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Figure 18a shows the resulting load position error and torque ripple peak-to-peak
amplitude while controlling the displacement with FSD. It is seen that the position error
drops below the desired value of 10 mm when utilizing Nc = 27 pistons. With a partial-
stroke strategy, Figure 18b, the number of required pistons is further increased to Nc = 37.
The resulting torque and load position error with the chosen number of pistons, marked
with green circles in Figure 18, are illustrated in Figure 19.
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Figure 19. (a) Torque ripples for PSD/ls-SPD with 37 pistons and FSD with 27 cylinders. (b) Resulting
load position error from (a).

As PSD and ls-SPD strategies are required when operating at low speeds to achieve a
fast motor response, ultimately, the number of required pistons will be determined based
on the requirements of the partial-stroke strategies. It should be noted that if a larger
maximum position error was allowed, then the number of pistons would increase, as
observed in Figure 18. However, the total number of pistons would still remain high.

PSD and ls-SPD strategies impose strict requirements for valve specifications. A partial-
stroke strategy requires valves with a higher flow rate and lower switching time compared
to an FSD strategy [22]. In addition, the ls-SPD strategy further requires the valves to be
capable of opening against large pressure drops. When considering the estimated number
of pistons and that each piston requires two valves for its operation, the total number
of valves reaches 74. Such valves are considerably costlier compared to those required
for an FSD strategy. Based on the above, other methods may, therefore, be considered to
reduce the number of pistons that utilize partial strokes. One such approach could be an
active/passive topology similar to that of the commercial drive, which could reduce the
displacement that is controlled with PSD and ls-SPD strategies. Such a method would result
in reduced torque peaks, allowing for fewer pistons to be controlled with partial strokes,
and subsequently, reducing the need for expensive valves. However, this consideration is
not further explored in this work and is left for future research.

7. Conclusions

This study offers an analysis of the required number of pistons for a DDM in a
winch drive application, with the aim of minimizing torque ripples and subsequent load
oscillations in the steady state. The analysis was conducted via simulations that utilized
information from a commercial winch drive system to determine the mechanical parameters
of the winch drum. It was shown that the torque ripple effect on the load oscillations is
most prominent when the winch operates with its maximum effective radius. Additionally,
the torque ripple effect is highly dependent on the utilized displacement control strategy
and operating speed. For an FSD strategy that is used for a speed above 28 rpm, the DDM
required 27 pistons, while for PSD and ls-SPD strategies that were used at lower speeds, the
DDM required 37 pistons. As the drive utilizes different displacement control strategies at
different operating speeds, the number of required pistons was determined by the highest
number, which corresponded to 37 pistons. It was noted that PSD and ls-SPD strategies
require large and expensive valves to yield high volumetric efficiency. To reduce the need
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for utilizing these expensive valves, an active/passive topology could be considered, which
separates the drive into two subsystems. Such a topology could limit the number of pistons
that are operated with partial-stroke strategies and reduce valve-related costs. However,
this concept was beyond the purview of the current study and is proposed to be explored
in future work.
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The following abbreviations are used in this manuscript:

DDM digital displacement motor
FSD full-stroke displacement
HPV high-pressure valve
LPV low-pressure valve
ls-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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