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Abstract: The paper presents a new hydraulic system basedmstant pressure with the aim
of increasing the efficiency of working hydraulinanobile machines. The system consists of
a high pressure line at constant pressure, a tardssure line and an additional line with
intermediate pressure. Each actuator is suppliedabyalve block consisting of two 3/2-
switching valves and one proportional valve. Théawng valves connect the inlet and the
outlet port of the proportional valve to one of ttteee available pressure levels tank-,
intermediate-, and high pressure and allow fivefeddnt pressure potentials. The
proportional valve enables the fine control of Hwuator and a constant, load adapted flow.
The paper describes furthermore by the use of alatton model the dynamic effects on the
movement of the piston of a hydraulic cylinder wkien switching valves are actuated or
oscillating loads are applied. Control concepts farsmooth movement of the piston at
different operating conditions are shown and disedasconcerning their capability for the
hydraulic system.
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1 Introduction

For the actuation of hydraulic cylinders in molaleplications three mainly used systems can
be identified: constant flow systems, constantguessystems and load sensing systems (LS-
systems). Constant flow systems generate high ptagses when cylinders with low flow
demand are actuated. The flow which is not usetbislucted directly to the tank and the
pressure created by the pump is lost.

LS-systems are considered today as one of the effogent drive system for linear actuators
as the pump generates only the flow which is rea#lgded. The pressure is adapted to the
highest load pressure and throttle losses are agindsept low. Disadvantageous of LS-
systems are high losses at parallel drive of twaadors at different load pressures. As the
system pressure is adapted to the maximum loadsyrnesthe pressure difference to the
actuator with the lower load pressure must be tlecht Further inconvenient of this system is
its incapacity to recover potential or braking gyer

Constant pressure systems are one of the simpdsadlic systems and not very efficient
when driven with a constant flow pump. Advancedterys are equipped with a pressure
controlled pump and a hydraulic accumulator corewtd the main pressure line. In these
“Advanced Constant Pressure Systems” [1] secondamjrolled hydraulic rotary drives can



be operated without system-related losses [2]. §kgstems already exists at the market [3],
[4], even though not in mobile applications yet.eOnconvenient of a large scale application
of this system is its incompatibility with lineactaators as the high pressure still needed to be
throttled to adapt it to the actual load press@encepts of secondary controlled linear
actuators are presently in the focus of resear¢h[¢} but there exists no market ready
solution yet.

Another approach for the efficient integration iokelar actuators in a constant pressure system
is the introduction of a supplementary pressure \iith a pressure level located between high
pressure (HP) and tank pressure (TP) and therefdled “intermediate pressure (IP) line”
[7]. By switching the pressure on the inlet and thelet port of the proportional valve
between high, intermediate- and tgmessure losses can be reduced by adapting thiecppl
pressure difference at the piston of the hydracjiinder on the actual load. Beside of the
switching strategy which is essential to create emergy efficient system the transient
behaviour between two different switching statesdseto be considered to ensure a good
functioning of the system.

The main challenge is to design a controller whighable to keep the piston movement
constant at different operating conditions only use of pressure transducers. This allows
keeping the costs as low as possible. In this pdpemost critical scenarios concerning a
smooth movement are shown and approaches how towip oscillations of the piston are
presented.

2 Model of the system

Each cylinder is supplied by a valve block contagntwo 3/2-switching valves and one
proportional valve. The switching valves connea thlet port and the outlet port of the
proportional valve to one of the three availablesgure levels tank-, intermediate- and high
pressure which allow therefore four different swihg states with different pressure
potentials (Figure 1). The proportional valve eeabthe fine control of the actuator and a
constant, load adapted flow. Figure 1 shows the ossible operating modes.
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Figure 1 — Different switching states of the system

The control system consists of two different loofhge inner loop and the outer loop. The
outer control loop measures the load prespsgand controls the switching valves in order
to minimize the throttle losses and to create argnefficient system (Figure 2).

The inner control loop measures the pressure dggpat the proportional valve to the inlet
port of the cylinder. The output control signatie proportional valve is determined with the
characteristic map of the valve which is storedhie control unit. With the pressure drop at
the valve and the demanded flow by the operatondesled output signal can be determined
in order to keep the flow to the piston constant.
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Figure 2 — Relevant variables of the system

In order to check the velocity control of the hydra piston the system was tested under
various operating conditions in a simulation model.

The model was created in the simulation program pi6#i[8] and consisted of two
switching valves, a proportional valve, a hydragliston and a load as shown in Figure 2. In
order to identify clearly the dynamic effects oétbystem the damping of the piston was set
up in a way that no resonance effects can supenbessystem. The pressures of the high
pressure line as well as of the intermediate predsiwe were considered as constant.

3 Control concepts at oscillating loads

In a first step, the controller was checked atltzioig loads on the piston. A time depended
load in form of a sinus wave was applied on théopisvhile moving out. Even though the
inlet flow to the cylindeQa is nearlyconstant (due to the determination by the charatiter
map) high oscillations in velocity occur (Figure 3)

0
zeE a cc
[ ) AN g g
< o © - =
U2 i - 383

- piston velocity s

25

(S =

O n

o O

> Q . egr

c g piston position
R FIoad o <
uw=aa oo

J =

z f £ E
x , =4
QEE s 58
T ool 2.8 56 8.4 112 2 Q7

time [s]
Figure 3 — Dynamic effects at variable load



The reason for this oscillation is the increasiagacity of the chamber at the piston side
when moving out. The velocity of the piston cardescribed as

)'(zi(QA i L O A) Equation 1

A, '
High pressure changes in the chamber lead at siageacapacities to a considerable
oscillation of velocity although the inlet flow k&ept constant.
Major improvements of the cylinder’s behaviour acitdating loads could be reached by
including the outlet flow of the piston into thentwller (Figure 4). As shown in Figure 3 the
outlet flow is strongly oscillating. It can be detened by measuring the pressure drop at the
proportional valve using the characteristic maghef valve. The difference of the nominal
flow (inlet flow) to the determined outlet flow &lded to the nominal flow. While the load on
the cylinder increases the outlet flow becomes toage the piston is pushed back. This is
detected by the controller, which leads to a higbetput signal to the valve enabling a
stabilization of the piston’s velocity.
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Figure 4 — Controller using inlet and outlet flowtle cylinder

As shown in Figure 5 the oscillation behaviour camsiderably be improved including the
outlet flow of the cylinder into the controller. Wever, if the capacity of the chamber of the
piston side becomes too big (at high valuesjaven a consideration of the back flow is not
sufficient to keep a constant velocity. Further idgons of the nominal speed are due to
interpolation errors of the characteristic map.
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Figure 5 — Improvements of velocity behaviour usingjet flow of the cylinder
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4 Control concepts at switching

In paragraph 3 a control concept for a constardd Imdependent flow was considered.
Another important load condition of the presentgstam is its behavior when the switching

valves are actuated. In this case the pressumegl@nd piston side change rapidly, which can
lead to strong oscillations, particularly if bothlves are switched. In Figure 6 the velocity of
the cylinder is shown when moving out at constaatlland alternating switching from HP/IP

-2 IP/TP.
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Figure 6 — Behaviour of the rod at alternating shiitg
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It can be observed that the velocity peak changasiruously in function of the position of
the piston of the cylinder. This effect depend® as the changing volumes of the chambers,
which have consequently different capacities.

In a stationary load case, the pressures in baimbkrs are determined by the external force
acting on the piston and can easily be calculagdhere is an equilibrium of forces.

Pa LA, — Pg LA = Fiogg Equation 2

Whenpa andpg are changing, the equilibrium of forces can onlyni@ntained if the pressure
change in both chambers is analog to the ratioistbp areag . The pressure change in
chamberA becomes lower with higher values foas its capacity is increasing. On the other
hand the capacity of chami®idecreases which leads to faster pressure changes.

To reach a velocity control of the piston, whichimglependent of the capacities of the
chambers another boundary condition need to bedated. Supposing the valve switch as
very fast compared to the variation of load, tredlean be considered as constant.

F.., =const Equation 3

load

By considering the dynamic effects of an acceleratf the cylinder, Equation 2 can be
extended to

pA DD‘A - pB DO‘B = I:Ioad + mpiston [x Equation 41
including the mass of the piston. The acceleratiiime piston can easily be indicated as

(pA mA - pB mB)_L EFIoad . Equation 5

piston piston

X =




The massmyision Can experimentally be determined, as it depends afs all connected
mechanic parts connected to it. The deviation efviglocity, i.e. the acceleration, can be used
now to adjust directly the output signal of the ttoler. To determine the deviation of
velocity Equation 4 needs to be integrated.

. 1
X =

J-(( Pa DAA ~Pe DB\B)_ I:Ioad )dt Equation 6

piston

The combination of a direct influence of the aclen and its integration results into a Pl-
controller of the velocity. Its principal functios shown in Figure 7.
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Figure 7 — Extended velocity controller considerangeleration of the rod

This extended controller leads to an improvemerthefdynamic behaviour of the cylinder.
Figure 8 shows the results of a simulation rungisims controller. For very large values for
X, the peaks are still very important due to the apacity of chambeB (see above). The
pressure change in chamiiBzbecomes too fast and can not be equalized byrehitpw to
chamberA. A possibility to avoid major oscillations in thégea is to slow down directly the
pressure change in chamliger

Further inconvenient of this controller is its higistability. As it reacts directly to the
acceleration of the cylinder, it seems to be sietaimly for the switching process to avoid
major oscillations.
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Figure 8 — Reduced oscillations controlling accdien of the piston



5 Conclusion

To create an energy saving hydraulic system allgvewitching between different pressure
levels the smooth movement of the hydraulic cylirfde different operation conditions needs
to be shown.

In a stationary load case the output signal tgotioportional valve can directly be determined
using the characteristic map of the valve. For maadyic consideration this approach is not
sufficient. For this reason two principal scenandsere presented: a variation of load at the
piston and a variation of pressure in the chambétke cylinder while switching from one
pressure level to another. Both scenarios leadjto dscillations.

The first scenario could significantly be improveg considering inlet and outlet flow of the
cylinder. For the second scenario the acceleratibrthe cylinder is included into the
controller beside to the velocity of the cylindiémhas shown a good improvement concerning
oscillations. For further improvements a slowertshing between TP and IP on the outlet
side of the cylinder need to be realized. Switchmtyes which allows a quasi proportional
change between TP and IP could allow a slower presshange by doing so. Another
solution could be an alternating switching betw@&@&hand IP allowing a step-wise pressure
change in chamber B.

The presented control concepts represent therdissiits of an analysis of the dynamic effects
on a hydraulic cylinder when driven in a constargspure system with an intermediate
pressure line. Further work need to be done toteraacontroller which combines both
approaches and which is able to maintain a contisunovement of the cylinder at various
load scenarios.
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