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Abstract. The paper presents the lumped parameter model of a hydraulic winch developed in the Simcenter Amesim
environment. It includes a detailed model of a load sensing direction control valve and of an overcentre valve for
controlling an orbit motor with holding brake. The model of the winch, validated on a test rig in terms of pressure drop
across the motor, has been used for analyzing different control strategies for obtaining the same velocity profile of the
shaft and the total hydraulic energy supplied by the load sensing pump has been evaluated. As a first step, the
independent metering architecture has been implemented. An additional simplification of the system was the removal of
the local pressure compensator and the control of the speed in a closed loop using as feedback signal the output of an
integrated tachometer. As a last step, the overcentre valve has been removed and the overrunning load has been imposed
by a meter-out control of the flow rate.

INTRODUCTION

In fluid power systems employed in lifting machines, such as cranes or telehandlers, the overrunning load must
be handled in order to avoid the uncontrolled speed of the actuators. The typical method is the use of counterbalance
or overcentre valves active at the outlet of the hydraulic actuator with the aim of generating a back pressure for
balancing the overrunning load [1, 2]. Moreover this kind of components are commonly used for the working
hydraulics of valve-controlled mobile machines, as excavators or wheel loaders [3]. Overcentre valves are reliable
components for holding the load thanks to their leak-proof design and for controlling the lowering phase of the load,
however they are a huge source of power dissipation and the pump remains under pressure even when the load is
overrunning. Moreover stability issues can occur [4].

Due to the stringent engine emission regulations, the optimization of the hydraulic circuits of mobile systems is
becoming more and more important. Several studies have been carried out about different subsystems such as the
hydrostatic steering units [5], the hydrostatic transmissions [6] or the coupling between the engine and the pump [7].
Other studies are oriented on the analysis of proportional valves for controlling the direction and the speed of the
actuators [8]. More specific research activities are focused on component-level CFD analyses of direction and flow
control valves [9, 10]. However the current trend is to redesign the architecture of the hydraulic circuits for mobile
machines in order to limit the flow throttling. This target can be obtained by reducing the pump margin [11] or by
adopting the independent metering layout [12, 13]. Other solutions applied specifically to winches involve the
complete removal of the valves and the use of closed digital hydraulic circuits [14].

In the present paper a hydraulic winch made up by an orbit motor with mechanical brake and overcentre valve is
modeled and the energy absorbed by the pump in a lifting/lowering cycle is evaluated. Subsequently, two new
layouts are introduced and analyzed in terms of energy saving.
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SYSTEM DESCRIPTION

The circuit under study is part of a more complex system installed at the Fluid Power Research Laboratory of the
Politecnico di Torino [15]. It includes a test rig that reproduces the hydraulic circuit based on Load Sensing
architecture of a fork lift truck with hydrostatic steering unit and proportional direction control valves. A separate rig
houses a hydraulic winch and the components for generating the resistant and the overrunning torque on the shaft.
Finally, a flow generating group, made up of four pumps, is located downstairs for feeding the load sensing test rig
and for simulating the load on the actuators. A simplified hydraulic scheme, including only the components involved
in the present study, is shown in Fig. 1. A 40 cc/rev radial piston pump (PU1) with load sensing displacement
control feeds a Danfoss PVG32 proportional valve with electro-hydraulic control and nominal flow rate of 40 L/min.
The winch (primary circuit) is made up of an orbit motor Danfoss OMT 160 FH with a displacement of 161.1 cc/rev
with integral holding brake (M1) and an overcentre valve (OVC) Oleostar VOSLA 12/3 with pilot ratio 3, internal
non-return valve and shuttle valve for the pilot signal for the brake release. The machine M1 is mechanically
connected to a similar orbit motor OMT 160 EM with speed sensor (M2) and a flywheel with variable inertia is
mounted on the shaft. The unit M2 works in a closed circuit, where the proportional relief valve RV and the pre-
charged non-return valve NR control respectively the high and the low pressure levels, regardless of the direction of
rotation.

The condition of resistant load is obtained when the PVG32 feeds the port A of the motor M1 and the direction
control valve D4/2 is kept at rest. In this way the machine M2 works as a pump and the flow rate is delivered
through the port 2; thanks to the non-return valves, the relief valve RV is forced to regulate and it imposes the high
pressure level decided by the user. The pump PU2, with a displacement of 20 cc/rev, behaves as charge pump for
compensating the leakages in the closed circuit and the excess flow is discharged to the reservoir through the valve
NR.

For the generation of the overrunning load, the valve D4/2 is energized and the pump PU2 feeds the port 2 of the
machine M2 that now works as a motor. The excess flow is still discharged by the proportional relief valve that now
controls the inlet pressure. For managing this load condition, the proportional valve must feed the port B of the
machine M1, in order to have the regulation of the overcentre valve. The working fluid is an ISO VG 46 Mobil DTE
25 oil.

winch circuit load circuit
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FIGURE 1. Hydraulic scheme of the circuit for testing the winch.
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The circuit is equipped with several sensors, more in details:

e five pressure transducers Trafag 8891 with measuring range 0-250 bar and accuracy £0.3% F.S.

e two gear flowmeters VSE EF2 with measuring range 0.5-70 L/min and accuracy 2%

e  two thermistors Pt100 Italcoppie

In Fig. 2a the section view of the work module of the PVG32 valve is shown. The electro-hydraulic device for
controlling the spool position is located on the right side (not shown). The main spool (1) features four notches at 90
degrees and in the neutral position both work ports are connected to the reservoir (float-centre). The pressure drop
across the notches is kept constant by the regulation of the local compensator (2), located upstream (pre-
compensator). In regulating condition the flow is throttled by the land (b) provided with 2 series of semicircular
notches, while at rest the connection is closed by the land (a). Two concentric springs exert a force on the spool:
only the outer one has a preload, while the inner, at rest, is floating. In the figure also the antishock-anticavitation
valves (3), the local load sensing relief valves (4) and the shuttle valve (5) for selecting the pressure of the work port
are shown. A section view of the overcentre valve is reported in Fig. 2b. The opening forces on the poppet are
generated by a small actuator with surface of influence “A” on which the cross-pilot pressure acts and by the back
pressure of the motor M1 acting on the annular surface “a” highlighted in the detail.
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FIGURE 2. (a) Section view of the Load Sensing direction control valve Danfoss PVG32; (b) section view of the overcentre
valve Oleostar VOSLA 12/3 with the detail of the poppet.

SIMULATION MODEL

The hydraulic circuit of the winch shown in Fig. 1 has been simulated in the Simcenter Amesim environment
(Fig. 3). The PVG32 work module and the overcentre valve have been modeled in a very detailed way by means of
the Hydraulic Component Design library. In the local compensator the flow area has been simulated analytically by
setting the geometry of the semicircular notches, while for the main spool a look-up table has been supplied. The
model of the PVG32 has been validated in a previous study [16]. The restrictor R1 takes into account the pressure
drop on the return line (pipes, quick couplings, heat exchanger, filter) and its flow-pressure characteristic has been
measured experimentally. This restrictor has an influence on the equilibrium of the overcentre valve, since the
pressure at the port D1 is also active in the spring chamber. Also the overcentre valve has been simulated in a
detailed way. In order to eliminate the uncertainty due to the friction force on the moveable elements, the O-rings on
the small actuator with surface A and on the poppet have been removed in the real component. The volumetric and
mechanical-hydraulic efficiencies of the orbit motor M2 have been evaluated experimentally as function of the
pressure drop at two speed values (50 and 150 rpm). The same efficiencies have been assumed also for the motor
M1, since this machine, except for the accessories, is identical to the motor M2. In the model, the analytic
expressions interpolating the measured efficiencies as function of the pressure have been supplied. The braking
torque has been simulated by considering a linear relationship with the pilot pressure as expressed by the Eq. (1):

020135-3



{Mb, =V, (p,,—p) if p<p, O

M, =0 if PZP;

where V}, is the equivalent displacement of the brake equal to 2500 cc/rev and p*;,,. = 30 bar is the minimum pilot
pressure necessary for the complete release.

The load on the shaft has been imposed by a signal generator. The restrictor R2 takes into account the pressure
drops in the quick coupling and in the flow meter between the overcentre valve and the PVG32 module; also this
restrictor has been tuned experimentally. Finally the pump and its controls have been modeled with the standard
components of the Hydraulic library.
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FIGURE 3. Model in the Simcenter Amesim environment.

The steady-state characteristic of the winch has been validated experimentally at constant speed and with
variable positive and negative load. The pressure setting of the OVC valve was about 220 bar. A constant electric
signal has been supplied to the PVB module and the cracking pressure of the proportional relief valve RV has been
progressively increased. The pressures at ports A and B of the orbit motor M1 are plotted in Fig. 4a as function of
the torque, which is estimated with the following procedure. The Eq. (2) comes from the equilibrium of the shaft
with overrunning load, where AM| and AM, are the lost torques in the two hydraulic machines:

(Py=Ps)Viy +AM, = (p, = p,)V,, —AM, 2

Since the orbit motors are identical and running at the same speed with the same oil temperature and with similar
pressure drops, it is reasonable that also the lost torques could be very similar and equal to:

1
AMI:AMZZEVMl(pZ_p1+pB_pA) (3)
The same expression is valid also for resistant load. Therefore the absorbed torque can be estimated as:
1
MIZMZZEVMl(pZ_p1+pA_pB) 4)

From Fig. 4a it is possible to observe that with overrunning load the pressure at the outlet of the motor M1 (p,)
increases with the torque due to the reduction of the flow area of the overcentre valve. On the contrary the delivery
pressure of the pump (pp) decreases and, overall, the pressure drop across the motor increases for balancing the
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driving torque. With resistant load the delivery pressure of the pump (p,) increases with the torque, while the outlet
pressure (pp) is constant, since it is due to the pressure losses in the circuit with constant flow rate. The upward
translation of the curves with overrunning load is due to the higher compression of the spring of the overcentre valve
when the flow rate increases.

120
E 5
£
. c
£
5 o
(8]
©
Q.
- Q2
©
= g ”
(3] Q.
% o 0 5 10 15 20
é 7 Time [s]
@ 200
o
. E 100
g
3
¢ 0
Q.
- 2]
5 % -100
pm -0 -0- 9-80 -0 1O
0 1 1 1 1 1 1 1 1 _200
-250 200 -150 -100  -50 0 50 100 150 200 250 0 5 10 15 20
Torque [Nm] Time [s]
(a) (b)

FIGURE 4. (a) Experimental (indicators) and simulated (continuous lines) pressures across the motor M1 as function of the
torque with resistant (positive) and overrunning (negative) load for two different constant speeds; (b) spool displacement of the
PVG32 valve and corresponding speed of the motor M1 used for the simulation of the working cycle lifting/lowering.

For the analysis of the absorbed energy, a lifting/lowering cycle has been simulated at constant torque. In Fig. 4b
the displacement of the main spool of the PVG32 module and the corresponding angular speed of the shaft are
plotted as function of the time. The positive velocity corresponds to the lifting phase, namely with resistant load. In
the second part of the cycle the load is controlled by the overcentre valve. The flow rate through the circuit for
obtaining the speed of 150 rpm is about 25 L/min. At the end of the cycle, the hydraulic energy delivery by the
pump to the circuit is calculated through the transducer E. The results are shown in the next section.

ANALYSIS OF DIFFERENT LAYOUTS

The reference system has been virtually contrasted with two new layouts. In the first the overrunning load is still
controlled by the overcentre valve, however the pressure drops in the proportional valve have been reduced by
adopting the independent metering architecture (Fig. 5). In this way the spool at the outlet can be left fully open. An
additional modification is the removal of the local compensator and the closed loop control of the speed by acting on
the position of the spool at the inlet. This last feature has no influence on the absorbed energy, since the elimination
of the pressure drop across the compensator is balanced by a high pressure drop across the main spool in order to
obtain the same flow rate. However it could be easily implemented, since in the real system the motor M2 is already
provided with a speed transducer and it allows a simplification of the hydraulic valve. For the lifting phase the valve
V1 works in an intermediate position between 0 and 1 for supplying the desired flow in order to control the speed of
the motor, while the valve V2 is maintained completely open in the position 2 by the ECU. For the lowering phase
the valve V2 modulates the flow area between the position 0 and 1, while the valve V1 is in the position 2. The
external shuttle valve SV1 selects the load sensing signal.

In the second solution analyzed (Fig. 6), the overcentre valve has been removed, therefore with overrunning load
the shaft speed is controlled by means of the outlet valve (meter-out control). In this way the pump delivery pressure
is maintained at a lower value with a significant reduction of the absorbed power. With this layout only the valve V1
needs to be proportional, while the valve V2 can be simply ON/OFF.
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FIGURE S. Hydraulic scheme of the architecture with independent metering and without the local compensators.

The lifting phase is similar as in the case of Fig. 5, in fact the pressure at port A generates both the load sensing
and the brake signals. For the lowering phase the valve V2 works in the position 1, while the valve V2 throttles the
flow area between the position 0 and 2. The brake is released by the pressure at the outlet of the motor thanks to the
shuttle valve SV2, while the shuttle valve SV1 connects the inlet port of the motor with the load sensing line.
However, in order to limit the absorbed torque the load sensing pressure is limited by a relief valve with setting p,*.
Ideally the delivery pressure could be maintained very low when the load is overrunning, since the brake is released
by the pressure induced by the valve V1. The problem arises during the start-up phase, because it is not possible to
increase the outlet pressure (p4) if the shaft does not rotate and in this case the valve SV2 select the pressure pp for
releasing the brake. Hence the setting p,*, incremented by the pump margin (15 bar), must be greater than p;,*. In
the present study p,* 20 bar, so that the delivery pressure is imposed at 35 bar.

* set-point
ST
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FIGURE 6. Hydraulic scheme of the architecture without the overcentre valve.

In both solutions a proportional-integral controller can implemented in the ECU. However this first study does
not deal with the optimization of the control algorithm in terms of dynamic response, but only on the potential
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energy saving. Therefore the only aspect that has been considered is the capability of the system in obtaining the
same speed profile shown in Fig. 4b.

The hydraulic energy delivered without local compensator (no LC) and also without the overcentre valve (no
OVC) is contrasted with the reference layout in Fig. 7a in the lifting/lowering cycle at maximum (450 Nm) and
partial (150 Nm) load. The pressure setting of the overcentre valve, with respect to the experimental tests, was
increased up to 275 bar for maintaining the brake fully released also with the maximum load. In fact the risk is that
with overrunning load the pressure p; could fall below p,,*; the increment of poyc* allows translating upwards the
curves in Fig. 4a. With the maximum load the saving is quite limited (5.1%), while with 150 Nm the solution
without the overcentre valves leads to a saving of about 27.5%.

In Fig. 7b the contributions to the energy of the lifting and of the lowering phase in the case with partial load is
split. It can be observed that the advantage without the overcentre valve is mostly in the lowering phase. In fact in
this phase the delivery pressure of the pump is maintained constant at 35 bar, while with the overcentre is function
of the pressure pp that increases if the load decreases, as shown in Fig. 4a. The delivery pressure in the reference
layout could be reduced by decreasing the setting poyc*, but in this way the maximum torque of 450 Nm cannot be
reached due to the activation of the brake.

60 i 25 .
S I Bascline I Resistant
501 EElNoLC | | I Overrunning
[C—INooOVC
40 + .
2 2
5 307 S
0] 0]
c c
W ol i
10+
0 0 )
Maximum Load Partial Load Baseline No LC No OVC
(a) (b)

FIGURE 7. (a) Simulated hydraulic energies supplied by the pump over a working cycle for three different configurations and
two different loads; (b) absorbed energy during the lifting and lowering phase with partial load.

CONCLUSIONS

In this paper the lumped parameter model of a hydraulic winch is presented. The model is able to reproduce the
steady-state characteristic of the fluid power system. Two alternative solutions have been analyzed and contrasted
with the original layout in terms of hydraulic energy delivered by the pump. The solution with independent metering
and without the local compensator gives negligible improvements. In fact, due to the relatively small flow rate
through the original proportional valve, the pressure drops in the return line are of the order of 6 bar, therefore the
advantage of keeping fully open the outlet metering edge is quite limited. In the layout without the overvcentre
valve, with maximum load the advantage is not so high, since in the pump is pressurized at similar levels. However
the delivery pressure does not depend on the overrunning torque, while in the original system the pressure increases
with the reduction of the load due to the equilibrium condition of the overcentre valve. In this last case the removal
of the overcentre valve leads to a significant energy saving.

Further studies could involve the analysis of the dynamic behavior and the integration of the winch in a multi-
actuator system.
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NOMENCLATURE

M, M, orbit motors’ real torque povc™ pressure setting of the overcenter valve

My, braking torque ps* pressure setting of the load sensing relief valve

p pressure Do pressure setting of the brake

P4, Pp pressures at ports of motor M1 Vir equivalent displacement of the brake

P1, D2 pressures at ports of motor M2 Viri, Vi displacements of the orbit motors

Do pressure setting of the brake AM,, AM,  orbit motors’ lost torque
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