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ABSTRACT

Digital hydraulic piston pumps and motors have shown the potential of improving effi-
ciency in hydraulic systems. Two independently controlled fast switching on/off valves
are connected to each piston chamber and allows for optimal valve timing and indepen-
dent piston control. Each piston chamber is only pressurized when necessary, resulting
in losses that almost scale with motor and pump displacement. This simulation study in-
vestigates the potential of using digital hydraulic pumps and motors to increase efficiency
in a hydraulic offshore auxiliary winch with a safe working load equal to 20000 kg. One
digital hydraulic winch drive system and one conventional hydraulic winch drive system
are simulated hoisting two different loads. The payload in the first load case is 18000 kg
and the payload in the second load case is 4000 kg. The efficiency and control perfor-
mance of the two different winch drive systems are then evaluated. The simulation results
show that digital hydraulic winch drive systems have the potential of increasing efficiency
of hydraulic offshore winches.

KEYWORDS: Digital hydraulic pump/motor, hydraulic offshore winch, simulation, effi-
ciency

1 INTRODUCTION

Hydraulic winches are widely used for various offshore lifting operations. They are for
example used in cranes for deck to deck lifting operations, loading and unloading of
supply vessels and subsea lifting operations, but they can also be used at the drill floor for
small lifting operations.

The working environment on an offshore drilling unit is harsh and sets high require-
ments for all offshore equipment. The equipment should be light, small in volume and
have a minimum of downtime. For example, every extra pound of weight increases the
cost of structural material by 1 - 5$, the platform deck area has a value of approximately
600 - 6 000 $/ f t2 and the cost of a production shutdown ranges from 37500 $/h for small
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Gulf of Mexico platforms to 187500 $/h for large North Sea platforms [1]. Hydraulic
actuation systems have normally been used, but because of environmental issues, more
energy efficient systems are now required. Electric solutions tend to replace hydraulic so-
lutions in rotational applications. Electrical solutions offer higher efficiency, no risk of oil
leakage, high position accuracy, and few maintenance tasks [2]. The benefits of electric
motors have to be weighed up against the key features of hydraulic systems. Key features
of hydraulic motors and systems are for example high torque density, they can operate in
stall conditions without damage, it is easy and efficient to store energy in accumulators,
they are tolerant of shock loads due to the compressibility of the hydraulic oil, and the
fluid carries away the generated heat to a heat exchanger placed at a convenient place [2].
New research has shown that in addition to the already mentioned benefits of hydraulic
motors, the new digital hydraulic pump and motor technology also has the potential of
designing highly efficient systems.

Digital hydraulic pump and motor technology can for example be applied to hydraulic
hybrid buses and cars [3, 4], tidal current energy converters [5], hydraulic actuated booms
[6, 7, 8], and wind turbines [9]. The piston chambers in a digital hydraulic pump (DHP)
or a digital hydraulic motor (DHM) can be controlled individually to operate in pump,
motor or idle mode. In idle mode, the low-pressure valve is kept open an entire shaft
revolution. Hence, a piston chamber in idle mode is never pressurized and leakage losses
and friction losses are therefore minimized. Displacement of a DHM is controlled by
changing the ratio of pistons running in motor mode and idle mode resulting in losses
that scales more with displacement compared to traditional variable displacement piston
machines and allowing for high efficiency even at partial displacement.

2 SIMULATION MODEL

In this paper, two different winch drive systems are simulated, one conventional hydraulic
winch drive system (CHWDS) and one digital hydraulic winch drive system (DHWDS).
Both winch drive systems are driving the same winch drum with two different load cases.
In the first load case, the payload is equal to 18000 kg and lifted 10 m. The velocity is
ramped up to 1 m/s with a ramp time of 2 s. For the second load case, the payload is
equal to 4000 kg and lifted 10 m. The velocity is ramped up to 1.5 m/s with a ramp time
of 3 s. The two load cases are summarized in Tab. 1.

Table 1: Simulation parameters

Load Case 1 Load Case 2
Mass of load 18000 kg 4000 kg
Hoisting distance 10 m 10 m
Max speed 1 m/s 1.5 m/s
Ramp time 2 s 3 s

2.1 Modeling of the Winch

Figure 1 shows all relevant winch elements. The winch has a drum capacity of 3600 m of
wire and a safe working load of 20000 kg. In this study the inertia of the winch and wire
wound onto the drum is assumed to be constant because the simulated traveling distance
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is small compared to the total wire length. It is also assumed that only the outer wire layer
is used. Hence the winch radius, rwinch, is considered to be constant. Neither friction in
the drum nor elasticity in the wire are included.

MLoad

Winch Drive 

System

TWDS

TWDS

xLoad

rwinch

Figure 1: Simulated winch system

The equation of motion for the winch is shown in Eq. 1.

θ̈drum =
TWDS−MLoad ·g · rwinch

Je f f
(1)

where TWDS is the torque from the winch drive system acting on the drum, MLoad is the
mass of the payload, g is acceleration of gravity, rwinch is the radius of the outer winch
layer, and Je f f is the effective mass moment of inertia. The effective mass moment of
inertia is calculated as shown in Eq. 2.

Je f f = MLoad · r2
winch + Jwinch + JWDS (2)

where Jwinch includes the inertia of the drum and the wire wound onto the drum and JWDS
is the inertia of the drive system that is mechanically connected to the winch drum. The
drive torque, TWDS, for the two different winch drive systems are given in the following
sections.

2.2 Modeling of the Conventional Hydraulic Winch Drive System

The conventional hydraulic winch drive system is a closed circuit system with one vari-
able displacement over center axial piston pump delivering working fluid to two variable
displacement axial piston motors. Figure 2 illustrates the simulated CHWDS. Line A is
the high-pressure side of the motor and line B is the low-pressure side. In addition to the
main pump, a smaller pump is installed to ensure that the pressure in line A and line B
stays above 25 bar. This external circuit is modeled as a constant pressure source of 25
bar. The main axial piston pump has a displacement of 500 cc/rev and the two axial pis-
ton motors have a displacement of 250 cc/rev. The pump is driven at a constant velocity
equal to 1800 rpm and can deliver pressure up to 350 bar.

The torque delivered to the winch drum from the drive system is calculated as shown
in Eq. 3.
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Figure 2: Conventional hydraulic winch drive system

TWDS = 2 ·
(pA− pB) ·Vgm

2 ·π
· igear ·nhmm ·ngear (3)

where pA is the pressure in line A, pB is the pressure in line B, Vgm is the common dis-
placement of the motors, igear is the gear ratio, nhmm is the hydromechanical efficiency of
the motors, and ngear is the efficiency of the gear box. The hydromechanical efficiency
is found by linear interpolation between measured data for a representative axial piston
motor. The pressure in line A and line B is calculated by integrating the pressure gradients
calculated as shown in Eq. 4 and Eq. 5 respectively.

ṗA =
β

VA
· (Qp−QPRV +QCHV 1−Qm) (4)

ṗB =
β

VB
· (Qm +QCHV 2−Qp) (5)

where β is the bulk modulus of the oil, VA and VB are the volume in line A and B respec-
tively, Qp is the pump flow, Qm is the total motor flow (Qm = Qm1 +Qm2), QPRV is the
flow through the pressure relief valve connected to line A, QCHV 1 and QCHV 2 are the flows
through the two check valves.

The following equations describe the flow through the pump and the motors:

Qp =
θ̇p ·Vgp

2 ·π
·nvp (6)

Qm = 2 ·
θ̇m ·Vgm

2 ·π
· 1

nvm
(7)

where θ̇p is the speed of the pump, Vgp is the pump displacement, nvp is the volumetric
efficiency of the pump, nvm is the volumetric efficiency of the motors, and θ̇m is the speed
of the motors.

The dynamic response of the swash plate for the axial piston pump and motors is
described by a first order system as shown in Eq. 8.

V̇g =
Vg−Vgc

τ
(8)
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where Vg is the current displacement, Vgc is the desired displacement and τ is the time
constant.

2.2.1 Control system

The control system for the CHWDS is divided into two different control systems, one
for the motors and one for the pump. The motors have a simple open-loop controller,
and the pump has a feedforward controller and a feedback controller. The desired motor
displacement is calculated based on a measured value of the load, a reference acceleration
of the winch drum and a desired pressure drop across the motor as shown in Eq. 9.

Vgmc =
(θ̈re f · Je f f + M̃Load ·g · rwinch) ·2 ·π

∆pm · igear
·0.5 (9)

where θ̈re f is the reference acceleration for the winch drum, M̃Load is the measured value
of the payload and ∆pm is the desired pressure drop across the motors.

The pump has a position feed-back controller and a flow feed-forward controller as
shown in Fig. 3

Pump

+ +

Vgpc

PID
+

-

VgpFB

VgpFF

drumθ

refθ errθ

Figure 3: Pump controller

Assuming that the volumetric efficiency for the pump is equal to one, the feed-forward
pump displacement is calculated by rearranging Eq. 6 as shown in Eq. 10.

Qre f =
VgpFF · θ̇p

2 ·π
⇓

VgpFF =
2 ·π ·Qre f

θ̇p

=
2 ·π

(
θ̇re f ·igear·Vgmc

2·π

)
·2

θ̇p

=
θ̇re f · igear ·Vgmc ·2

θ̇p
(10)

where θ̇re f is the reference velocity of the winch drum and θ̇p is the pump speed. The
feed-back control signal is calculated as shown in Eq. 11
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VgpFB = θerr · kp + θ̇err · kd +
∫

θerr · ki dt (11)

where θerr is the position error of the winch drum and kp, kd and ki are the controller gains
for the PID-controller. Finally the desired pump displacement is calculated as shown in
Eq. 12.

Vgpc =VgpFF +VgpFB (12)

2.3 Modeling of the Digital Hydraulic Winch Drive System

The digital hydraulic winch drive system consists of a DHP, DHM, and two gas accu-
mulators connected in a closed circuit system, as shown in Fig. 4. The DHP is driven
by an electrical motor running at a constant velocity of 1800 rpm. The DHM is directly
connected to the winch drum without a gear box. The DHP and the DHM are two radial
piston units with respectively 9 and 42 cylinders. Both units are controlled by using se-
quential flow diverting strategy, meaning that the entire cylinder displacement has to be
used when selecting pump or motor mode. The on/off valves are only switched when the
piston is close to top dead center (TDC) and bottom dead center (BDC) when the flow
is low. The actuation is timed in conjunction with the piston movement to minimize the
pressure difference when switching the valves. This maximizes the efficiency and mini-
mizes pressure peaks and flow peaks. The two gas accumulators are used to smooth out
the pressure and flow peaks in line A and B.
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TWDS

TWDS
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A

DHMDHP

Line B
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Figure 4: Digital hydraulic winch drive system

2.3.1 Modeling of the Digital Hydraulic Pump and Motor

It is assumed that the cylinder configuration is the same for both the DHP and the DHM.
For simplicity, only calculations for one of the pistons in the DHM are shown in this
section, but the same method is used for all of the pistons, both for the DHM and DHP.
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The contribution from all the cylinders are summed up in Eq. 20..22. The on/off valves
are assumed to be leak free, and the DHP and DHM models do not include any friction or
leakage.

Figure 5 shows the cylinder configuration for one cylinder. The continuity equation is
used to calculate the pressure gradient in the cylinder as shown in Eq. 13.

pA pB

QA QB

= V0m

BDC
x

TDC

em

pcyl

Ap

mθ

Valve A Valve B

Figure 5: Cylinder configuration of one cylinder with θm = π/4

ṗcyl =
β

Vcyl
·
(
QA−QB−V̇cyl

)
(13)

where β is the effective bulk modulus of the oil, Vcyl is the cylinder volume, QA and QB
is the flow through valve A and B, and V̇cyl is the rate of change in cylinder volume. V̇cyl
is positive if the volume is expanding. The cylinder volume is calculated as shown in Eq.
14 and the rate of change in cylinder volume is calculated as shown in Eq. 15.

Vcyl =V0m +
Vdm

2
· (1− cos(θm)) (14)

V̇cyl =
Vdm

2
· sin(θm) · θ̇m (15)

where V0m is the dead volume in the cylinder and Vdm is the discharge volume of the
cylinder. The volume flow through the on/off valves, QA and QB, are calculated by Eq.
16 and Eq. 17 respectively.

QA =
uA

k f
·
√

pA− pcyl · sign(pA− pcyl) (16)

QB =
uB

k f

√
pcyl− pB · sign(pcyl− pB) (17)

where k f is the flow coefficient of the valves, and uA and uB are the opening ratios of the
valves ranging from 0 to 1, where 0 is fully closed and 1 is fully open. Valve A and B
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have the same flow coefficient and the same dynamic response. The dynamic response is
described by the second order system shown in Eq. 18.

ü = ucon ·ω2−u ·ω2−2 ·ζ ·ω · u̇ (18)

where ucon is the control signal, ζ is the damping ratio and ω is the natural frequency.
The control signal is either 0 or 1. The torque contribution from one cylinder is calculated
as shown in Eq. 19

Tcyl = pcyl ·Ap · em · sin(θm) (19)

Finally, the total motor torque and the total flow in and out of the DHM is calculated
as the sum of the contribution from all pistons, as shown below in Eq. 20, 21 and 22
respectively.

TWDS =
42

∑
i=1

Tcyl,i (20)

Qinm =
42

∑
i=1

QA,i (21)

Qoutm =
42

∑
i=1

QB,i (22)

2.3.2 Valve Parameters

The fast switching on/off valve is by far the most critical element in digital hydraulic
machines. Some important features are; high durability, low cost, low power consump-
tion, zero or low leakage, and compact design [10]. Simulations and experimental results
presented in [11] show that valve throttling losses are one of the major energy dissipa-
tive sources for hydraulic motors and that valve timing has a significant impact on valve
throttling losses. The valves must, therefore, have high accuracy, high flow rate and low
switching time. In [12], Daniel B. Roemer et al. developed an expression for the effi-
ciency of a DHM as a function of a normalized valve switching time, ts, and a normalized
valve flow coefficient, k f . The normalized valve parameters were defined as shown in Eq.
23 and 24.

ts =
ts

Trev
with Trev =

2 ·π
θ̇max

(23)

k f =
k f√

∆p/Qmean
with Qmean =

Vd

π/θ̇max
(24)

Figure 6 shows the motor efficiency as a function of the normalized switching time
and the normalized flow coefficient.

Using the results from Fig. 6 and selecting the normalized flow coefficient and the
normalized switching time to be 4 %, the target efficiency at 20 % displacement is 97 %.
By rearranging Eq. 23 and 24 the valve switching time and the valve flow coefficient is
calculated as shown below in Eq. 25 and 26 respectively.
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Figure 6: Motor efficiency as a function of normalized valve switching time and normal-
ized valve flow coefficient [13]

ts =
ts

Trev
with Trev =

2 ·π
θ̇max

⇓
ts = ts ·Trev

= ts ·
2 ·π
θ̇max

(25)

k f =
k f√

∆p/Qmean
with Qmean =

Vd

π/θ̇max

⇓
k f = k f ·

√
∆p/Qmean

= k f ·
√

∆p ·π
Vd · θ̇max

(26)

The calculated flow coefficient and the switching time for the on/off valves for both the
DHP and DHM are listed in Tab. 2.

Table 2: Valve parameters

k f ts
DHM 251560

√
∆p

m3/s 240 ms

DHP 53666
√

∆p
m3/s 1.3 ms

2.3.3 Pressure dynamics in line A and line B

For simplicity, only the calculation for the pressure gradient in line A is shown, but the
pressure gradient in line B is calculated in the same manner. The pressure gradient in line
A is calculated as shown in Eq. 27
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ṗA =
β

VA
· (Qout p−Qinm−V̇accA) (27)

where VA is the volume in line A and accumulator A, Qout p is the flow out of the pump,
Qinm is the flow into the motor and V̇accA is the rate of change of accumulator volume.
V̇accA is positive if the volume is expanding and is calculated as shown below in Eq. 28.

V̇accA = ṗA ·
VaccAg

naccA · pA
(28)

where VaccAg is the gas volume in accumulator A and naccA is the polytropic exponent for
accumulator A. Eq. 28 is substituted into Eq. 27 and rearranged as shown in Eq. 29.

ṗA =
β

VA
·
(Qout p−Qinm)

1+ β ·VaccAg
VA·naccA·pA

(29)

2.3.4 Control System

The control system for the DHWDS is divided into two, one for the pump and one for the
motor. In general, the motor has an open loop torque controller which calculates motor
displacement based on load measurements and a desired pressure drop across the motor.
The pump has a displacement controller where the displacement is calculated based on
the winch drum reference position and the known motor displacement. The pump also
has a position feedback controller.

Motor Controller
To ensure a relatively smooth motor output torque, the 42 cylinder piston motor is divided
into 14 banks, each with 3 pistons spaced equally around the shaft. The number of active
banks, also called nstep, is calculated based on measurements of the payload, M̃Load , and
a desired pressure drop across the motor, ∆pre f , as shown in Eq. 30.

nstep ≈
M̃Load ·g · rwinch

∆pre f ·Tstep
, round of to nearest integer (30)

nstep = 1 corresponds to one active bank, nstep = 2 corresponds to two active banks and
so on. ∆pre f is the desired pressure drop across the motor and Tstep is the torque delivered
by one active bank with a pressure drop across the motor equal to 1 Pa.

Pump Controller
The pump controller is based on the displacement controller first introduced in [14]. The
DHM is directly connected to the drum, and the position reference of the drum is con-
verted into a volume reference, Vre f , according to the motor displacement. Then the vol-
ume that already has been discharged from the pump, Vest , is calculated. The controller
also has a position feedback controller, Verr, and compensates for the change of volume
in accumulator A. Figure 7 illustrates the DHP controller and the pump mode decision, D,
is calculated as shown in Eq. 31



The Ninth Workshop on Digital Fluid Power, September 7-8, 2017, Aalborg, Denmark

Calculate Vref

+
-

PID

Calculate Vest

Vref

Vest

-

+
+

D > Vdp/2 then pumping

D    Vdp/2 then idling
Pump

D

Verrrefθ

refθ

drumθ

pAref Calculate VaccA

+

VaccA

errθ

nstep

Qoutp

Figure 7: Pump controller

D =Vre f +VaccA +Verr−Vest , →
{

pumping if D >Vd p/2
idling if D≤Vd p/2 (31)

where D > Vd p/2 means that the estimated volume discharged from the pump is a half
piston discharge volume smaller than the desired volume and that the next cylinder will
operate in pump mode. D≤Vd p/2 means that the estimated volume discharged from the
pump is greater then the needed volume and that the next cylinder will run in idle mode.
Vre f is calculated by integrating Eq. 32.

V̇re f =
Vdm ·nstep ·3 · θ̇re f

2 ·π
(32)

where θ̇re f is the speed reference of the winch drum. The estimated discharge volume,
Vest , is calculated by the following equation.

Vest = npump ·Vd p (33)

where npump is the total number of cylinders that already have been pumping and Vd p
is the discharge volume of one of the pistons in the pump. The compression volume is
not taken into account in Eq. 33, but can be included. The small error introduced by
excluding the compression volume will in this control system be compensated for in the
PID-controller. VaccA is calculated in Eq. 34.

VaccA =
(pAre f − pA0) ·VaccAg0

naccA · pA0
(34)

where pA0 is the initial pressure in line A, VgA0 is the gas volume in accumulator A at the
initial pressure pA0 and pAre f is the reference pressure in line A. pAre f is calculated as
shown below in Eq. 35.

pAre f =
θ̈re f · Je f f + M̃Load ·g · rwinch

Tstep ·nstep
+ pB0 (35)
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where pB0 is the initial pressure in line B. Verr is the output signal from the PID-controller
and is calculated as shown in Eq. 36

Verr = θerr · kp + θ̇err · kd +
∫

θerr · ki dt (36)

where θerr is the difference of the reference drum position and the actual drum position
and kp, kd and ki are the control parameters in the PID-controller .

3 SIMULATION RESULTS

In this section the simulation results are presented. The same control parameters are used
in the conventional winch drive controller and the digital hydraulic winch drive controller
for both load case 1 and load case 2. The control parameters for the CHWDS are as
follows: ∆pre f = 225 bar, pB0 = 25 bar, kp = 7 · 10−4 m3, kd = 2 · 10−4 m3s and ki =
5 ·10−3 m3/s. The control parameters for the DHWDS are as follows: ∆pre f = 225 bar,
pB0 = 25 bar, kp = 0.1 m3, kd = 0.025 m3s, and ki = 0.2 m3/s.

3.1 Load Case 1

In load case 1 the payload is equal to 18000 kg and the speed is ramped up to 1 m/s with
a ramp time of 2 s. Figure 8 and 9 show the simulation results of the CHWDS, left hand
side, and the DHWDS, right hand side.

Figure 8: Simulation results position and velocity tracking in load case 1

The sub-plots from top to bottom in Fig. 8 show the simulated payload position to-
gether with the reference position, the load speed together with the reference speed and
finally the position error. The simulated payload position and speed follow their refer-
ences well, both for the CWDS and the DHWDS. Maximum position error occurs when
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accelerating the load and is 9 mm for the CHWDS and 5.4 mm for the DHWDS. The
position error for the CHWDS converges toward zero when the winch runs with constant
speed and the error for the DHWDS oscillates around zero with a small amplitude.

Figure 9: Simulation results for power and energy consumption in load case 1

The top sub-plots in Fig. 9 show the input power, output power and the power losses
of the hydraulic system. On the right hand side, a moving average filter is also included.
The moving average filter takes the average of the input power during a period of 0.2
s. The bottom sub-plots show the consumed energy together with the output energy and
energy losses.

When driving with constant speed of 1 m/s and a payload equal to 18000 kg, the input
power to the CHWDS is approximately 234 kW and the output power is approximately
176 kW , resulting in loss equal to 58 kW . The input power to the DHWDS is heavily
oscillating because of the nature of the DHP. The DHP enables and disables pistons on a
stroke by stroke basis which results in input power oscillations. The same peaks occur in
the pump flow, but the accumulators connected to line A and B smooth out the peaks. The
mean input power to the DHWDS when operating at constant speed is 181 kW and the
mean loss is only 5 kW .

In the bottom sub-plots in Fig. 9, it is easy to see that the energy losses are much
greater for the CHWDS than for the DHWDS. The total energy consumed by the CHWDS
is 2365 kJ and the loss is 599 kJ which results in a total system efficiency equal to 75 %.
The total system efficiency for the DHWDS is 97 % where the total consumed energy is
1813 kJ and the total energy loss is only 47 kJ.

3.2 Load Case 2

In load case 2 the payload is equal to 4000 kg and the speed is ramped up to 1.5 m/s with
a ramp time of 3 s. Figure 10 and 11 show the simulation results of the CHWDS, left
hand side, and the DHWDS, right hand side.

Figure 10 shows that both drive systems follow their position and speed references
well. The position error for the CHWDS tends to oscillate when accelerating or deceler-
ating the load but stabilizes around zero when running at constant speed. The maximum
position error for the CHWDS is -8.4 mm and only -1.6 mm for the DHWDS. The small
oscillations shown in the position error for the DHWDS in load case 1 can also be seen in
load case 2.
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Figure 10: Simulation results position and velocity tracking in load case 2

Figure 11 shows that the input power to the CHWDS is approximately 112 kW and the
output power is 59 kW when driving with a constant speed of 1.5 m/s. For the DHWDS
the input power is heavily oscillating, but the mean value is approximately 61 kW . The
total consumed energy for the simulated trajectory is 769 kJ for the CHWDS and only
417 kJ for the DHWDS. The losses are 377 kJ for the CHWDS and only 25 kJ for the
DHWDS. This gives a total efficiency for the entire simulated trajectory equal to 51 % for
the CHWDS and 94 % for the DHWDS.

3.3 Discussion

In this section, the presented results are summarized and further discussed. Some of the
most important results are summarized in Tab. 3

Figure 11: Simulation results for power and energy consumption in load case 2
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Table 3: Summarized results

Load case 1 Load case 2
CHWDS DHWDS CHWDS DHWDS

Input power at constant speed 234 kW 181 kW 112 kW 61 kW
Power losses at constant speed 58 kW 5 kW 50 kW 1 kW
Total energy consumed 2365 kJ 1813 kJ 769 kJ 417 kJ
Total energy losses 599 kJ 47 kJ 377 kJ 25 kJ
Total efficiency 75 % 97 % 51 % 94 %
Max position error 9 mm 5.4 mm -8.4 mm -1.6 mm

The total system efficiency for the CHWDS is 75 % in load case 1 and 51 % in load
case 2 and the maximum position error is 9 mm and -8.4 mm respectively. The CHWDS
has higher efficiency when operating with higher loads. The same tendency can be ob-
served for the DHWDS, but the change in efficiency is not that big. When reducing the
load from 18000 kg down to 4000 kg, the efficiency of the CHWDS is reduced by 32
% and for the DHWDS, the efficiency is only reduced by 3 %. When operating with
constant speed, the position error for the CHWDS tends to converge towards zero, while
the position error for the DHWDS tends to oscillate with a small amplitude. These small
oscillations are affected by control parameters, accumulator properties and the number of
pistons in the DHP and the DHM.

The DHWDS consumes approximately 550 kJ less than the CHWDS when operating
load case 1. If the same load were supposed to be hoisted 3000 m, the DHWDS would use
165 MJ less energy than the CHWDS. For one short lifting operation, the saved energy
is not that much, but for a winch that is frequently used over time and with high lifting
operations, the savings can be significant.

This study shows that there is a significant improvement in efficiency when using the
DHWDS. Neither leakage and friction losses in the DHP and the DHM nor power con-
sumption of the on/off valves are included in this study. The real efficiency will therefore
most likely be lower than for the simulated system. Because the increase in efficiency is
so high, especially when operating small loads, and knowing that previous studies show
that digital hydraulic units have high efficiency for a wide range of operations [15], it is
realistic to expect that the efficiency for the DHWDS will remain significantly higher than
CHWDS even when all losses are included.

4 CONCLUSION

This simulation study compares the efficiency and controllability of a CHWDS and a
DHWDS. Each winch drive system is simulated hoisting two different loads, one large
load and one small load. The simulation results show that the system efficiency for the
DHWDS was significantly higher than for the CHWDS, especially when operating small
loads. This study shows that DHWDS has the potential of increasing efficiency in hy-
draulic winches while the controllability remains high.
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[6] M. Karvonen, M. Heikkilä, M. Huova, M. Linjama, and K. Huhtala, “Simulation
study - improving efficiency in mobile boom by using digital hydraulic power man-
agement system,” The 12th Scandinavian International Conference on Fluid Power,
Tampere, Finland, pp. 355–368, May 2011.
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