HIDRAVLICNI POGONI IN KRMILA

Mode Switching and Energy
Recuperation in Open-Circuit Pump

Control
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Abstract: Today’s mobile machines most often contain hydraulic valve controlled drives in an open loop circuit.
For the purpose of saving energy, the constant pressure pumps have in the past frequently been replaced by
load-sensing pumps and load-sensing valves. However, considering applications where the load is helped by the
gravitational force, even these hydraulic systems often suffer from poor efficiency. In this article, a novel pump-
controlled hydraulic system is studied where energy recuperation from lowering motions is possible. The pumps
are fully displaceable in both directions, working as motors when lowering loads. The amount of recuperated
energy is highly dependent on the chosen control strategy, the hydromechanical properties as well as the target
application. Furthermore, the article describes how valve design becomes an important feature in an attempt to
reach high efficiency and machine operability.
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H 1 Introduction

In mobile applications load-sensing
solutions have significantly reduced
energy consumption. However, in
applications with unequal drive pres-
sure levels the load sensing systems
still result in energy losses, referred
to as metering losses. In addition to
these losses, most hydraulic systems
today do not include the possibility
to recuperate the potential energy
stored in elevated loads, when the-
se are lowered. Previously, several
authors have shown that so called
pump control or displacement con-
trol is a strong competitor in the
energy efficiency debate because of
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its comparatively few loss elemen-
ts and versatility in control [1-4].
However, in few of these articles is
the utilization of energy recuperation
not examined to any great extent, if
even mentioned.

The main purpose of this study is to
describe how well the open-circuit
solution, previously presented by the
author [5], can recuperate energy in
lowering motions, depending on the
chosen control strategy, and how the
recuperated energy can be utilized by
the application in hand. Furthermo-
re, a theoretical linear analysis and
non-linear simulations demonstrate
the challenges in an energy efficient
load lowering mode, referred to as
the differential mode.

M 2 Open-Circuit Solution

In this paper the author has studied
a hydraulic system configuration
where each actuator/-supply system
comprises a variable displacement

pump/motor working in an open-
circuit together with four separate
valves, see Figure 1. The four valves
render a concept versatile in control,
as the cylinder chambers can be
connected to pump and/or tank as
well as be closed at any time. The
concept effectively eliminates the
metering losses; it has the potential
of energy recuperation and enables
a four quadrant load actuation.

In either operation quadrant the
load speed is controlled directly by
the relative pump displacement.
The pump controller is capable of
switching between displacement con-
trol and pressure control in case of
excessive pressures. The valve confi-
guration allows loads to be lowered
in several different ways. Similar to
conventional load-sensing systems,
flow-control via the meter out orifice
to tank (A-T) is possible. This manner
of lowering a load is what we try to
avoid in this study, as all potential
load energy will be converted to heat
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in the orifice, thus accounted for as
an energy loss. In contrast to this, the
author of this study looks upon the
advantages of letting lowering flow
go through the pump (A-P), control-
ling the load speed by adjusting the
relative pump/motor displacement.
This can be achieved either by letting
all flow from the piston chamber go
to the pump, referred to as “normal
lowering”; alternatively, the flow can
be divided into one part going to the
pump and the other to the piston
rod chamber (P-B). This approach is
referred to as “differential lowering”
and can be seen as a pressure-flow
transformation resulting in a decrea-
sed amount of pump flow needed
to achieve the same piston speed.
Since a pump/motor has a limited
flow capability at a certain engine
speed, the differential mode will
make it possible to lower loads faster
without increasing the pump size. On
the other hand, the pressure level will
increase at the same rate, making the
load capability lower. An apparent
advantage of the differential mode is
that the cavitation issue in “normal
lowering” is intrinsically solved as
flow is taken directly from the piston
chamber.

2.1 Valve Configuration

For good functionality of the open
circuit solution the valves that are
used for mode switching in the chan-
ge of operation quadrant, must meet
certain requirements. They must have
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Figure 1. Pump controlled open-circuit solution

a relatively high bandwidth, provide
a “soft closing” in addition to pro-
ducing low pressure losses at high
flows. The valve configuration must
also incorporate anti-cavitational
capabilities for the load side. To meet
these demands, four seat valves of
the valvistor type have been chosen
for each working cylinder. The val-
vistor is shown in Figure 2(a). In the
main poppet there is an inner orifice
that consists of a small rectangular
slot with a total area that equals the
pilot valve maximum orifice area.
When the pilot valve opens, x
the pressure, p_, will decrease and
the poppet force equilibrium yields
a poppet displacement upwards, x ,
until the slot orifice area equals the
pilot orifice area. Hence, the valvistor

is a follower servo. More details on
the functionality of the valvistor are
presented by Eriksson, B. [6]. In this
study the standard valvistor, originally
presented by Andersson, B. [7], has
been modified to allow flow control
in both directions, see Figure 2(b).
This modification is necessary to
achieve the desired recuperative
lowering motions, when flow from
the load cylinder is taken back via
the pump/motor.

There are several reasons why the
valvistor has been chosen for this con-
cept. First, the dynamics of a valvistor
is generally described as a first order
system, which in this case brings out
the advantageous property of soft val-
ve closing which is good as the valve
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Figure 2. Different valvistor configurations: (a) A-type Valvistor, (b) Bi-directional valvistor, (c) Pressure limited valvistor
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is used for fast mode-switching. Fur-
thermore, the valvistor is suitable as a
load holding valve because of its inhe-
rently great stiffness against pressure
disturbances as well as low leakage
properties in closed condition. Mo-
reover, the valvistor pilot circuit can
in a simple manner be complemented
with a pressure relief function, see
Figure 2(c). The valvistor yields cost
efficient and compact solutions since
the pilots are relatively small due to
the high flow gain from pilot stage to
main stage. The open-circuit solution
with valvistors inserted to it is illustra-
ted in Figure 3.

2.2 Energy Management

The open-circuit has no hydraulic
accumulators or other chargeable
devices, which means that all poten-
tial energy must be consumed while
it is recuperated. The load energy is
transferred via the pump/motor shaft,
through a power take-out (PTO) to all
other energy consuming functions as
well as back to the primary power
source. Consequently, other energy
consumers must be present, othe-
rwise the power loss, which usually
takes place in a meter out orifice, has
merely been replaced with a power
loss in engine friction.

In the following fictive example the
open-circuit solution is implemen-
ted in a wheel loader. Concerning
the hydraulics, the lowering power
generated by the load could be used
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Figure 3. Open-circuit solution with four valvistors implemented

to help all other hydraulic pumps
attached to the PTO to power their
functions respectively, see Figure 4.
For example, bucket lowering and the
steering function, or tilting, are often
used simultaneously, [8]. Another
interesting possibility is to transfer
recuperated power to the vehicle
drivetrain via the combustion engine.
Furthermore, the speed of the cooling
fan motor could be increased when
recuperated power is available. By
doing so the fan could work at lower
speed during the rest of the working
cycle, consuming less energy.

One must note that the most energy
efficient operator driving characte-

ristics for a conventional hydraulic
system are not the same as for the
system presented here. In the open-
circuit solution, the operator can
affect the energy efficiency, to a much
greater extent, for example by letting
the load lowering drive the vehicle
backwards when reversing out from a
truck. Figure 5 illustrates the potential
load energy versus the required ener-
gy while lowering a load in a typical
loading cycle of a wheel loader with
load-sensing hydraulics. The black
area in Figures 5(a) and 5(b) represen-
ts the sum of the energy required by
the steering, propulsion and cooling
for the lifting and tilting functions re-
spectively. The grey area is the ideally
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Figure 4. Energy distribution of recuperated energy in a wheel loader application
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Figure 5. Recuperable energy in a typical loading cycle of a wheel loader: (a) Recuperation potential in lift function,

(b) Recuperation potential in tilt

recuperable energy for each function.
While lowering the bucket, cooling is
a relatively small energy consumer
compared to the energy required
for vehicle propulsion backwards as
well as for steering. When the bucket
is tilted out, there is not much other
activity to consume the potential load
energy; this operation consequently
requires either a change in control
strategy or increased engine rpm.
However, in using the potentially
recuperable energy in the present
solution the total hydraulic energy
consumption for this loading cycle
will be reduced by 5-710%. In a future
solution the surplus power can be
transferred to a hydraulic or electric
buffer, which would save approxima-
tely another 5%.

To choose the most energy optimal
control strategy for the working hy-
draulics, the system controller must
be capable of estimating the total
available power online as well as
the total required energy. One way
to implement this is to supervise the
diesel engine, and compute what
power it generates. Also, the total
power take out must be estimated
online. In practice these actions often
require extra transducers installed on
certain components. In case of recu-
perative motions, the control system
must also define where recuperated
power can be consumed, i.e. by other
working hydraulic functions or by the
powertrain.

M 3 Recuperation Efficiency

Figure 6 illustrates the working range
for various lowering modes. The axis
pointing upward is the recuperation
efficiency, . Here a cylinder area
ratio, k=2/3, is used together with a
pump of typical size for a medium
sized construction machine. For
simplicity the desired maximum
lowering speed is set to three times
the maximum lifting speed. As seen
in Figure 6(a) full energy recuperation
can only be achieved up to a third of
the desired lowering speed because
of the limited pump capacity. In Figu-
re 6(b) the cylinder area ratio makes
it possible to lower at the desired
speed, but because of the pressure
increase, only a third of the desired

(@)

(b)

(0)

Figure 6. /deal efficiency regarding maximum system pressure and pump flow: (@) Normal lowering mode, (b) Dif-
ferential lowering mode, (c) Differential/normal
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loading capability can be obtained.
The figures show that the overall po-
tential in energy recuperation is the
same in both cases, but depending on
the most common point of operation
one of the solutions is better than the
other. In applications where lowering
with high speeds and low loads is the
most common, the differential mode
is the most advantageous. When it is
more common to lower heavy loads
at low speeds, the normal mode is
to be preferred. For example, if the
application is a wheel loader loading
gravel, the bucket is usually lowered
empty at high speed; hence would
the differential mode be more ap-
propriate. However, where switching
between these two modes is possible,
higher recuperation efficiency could
be obtained over a greater working
range, illustrated in Figure 6(c).

In order to realize the normal lowe-
ring over the whole working range
one must control flow to tank over
an orifice to reach speeds exceeding
the maximum pump capacity, thus
decreasing the recuperation effi-
ciency. In the differential case, one
must instead restrict “the degree of”
differential mode at higher loads to
avoid the maximum pressure level.
In practice, this can be achieved by

using a valve, that senses the pressure
level in the piston chamber, which
for a given maximum pressure level,
starts closing the connection between
the cylinder chambers (Figure 7(a) in
Section 3.1), converting all power
related to the pressure exceeding the
pre-defined maximum level to heat. If
this valve closes completely, normal
mode is achieved, and flow to the
piston-rod chamber must instead be
taken from tank (T-B). See Section
3.1-3.3 for further analysis in this su-
bject. However, the most obvious dif-
ference between these two solutions
is that the differential mode requires
pressure control of an orifice while
the normal mode requires flow con-
trol over an orifice. The most energy
efficient strategy is determined ac-
cording to the application and under
what working conditions the machi-
ne usually operates. Given that point
of operation, one can decide which
solutions is the most suitable. In case
a mode switching solution is selected
there are of course important changes
in system properties to consider. For
example in case of going from normal
mode to differential mode not only
the pressure level will change but
also the dynamic load properties,
such as hydraulic damping and na-
tural frequency.

3.1 Static Calculations

To demonstrate the basic functiona-
lity of the system, operating in the
differential mode, a static model was
constructed on the basis of the system
shown in Figure 7(a). Here the control
valve, which is a normally open pres-
sure limiter, is mounted directly in the
main circuit to simplify the calcula-
tions. The flow through the valve is
given by the orifice equation, Eq.1.

QB :Ks '(xmax _xv)'
VP4~ P (1)

where K is the orifice coefficient and
x, is the valve closure. The static force
equilibrium is given by Eq.2.

— P4 .Ared+ks .Is+ks X, =0 (2)

In this model the fluid compressibility
and the valve dynamics have been
ignored. Neither has cavitational
effects been taken into account. This
yields a piston speed, v, directly
proportional to the pump flow, inde-
pendent of the valve closure.

Aa

x 10°

Pressure [Pa]

Load Force [N]

(@)
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i i i i N 0

Figure 7. Static behavior of system pressure limiter: (a) Simplified system, base for static calculations, (b) Static pressure

response to applied load pressure
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The input variables to the calculation
are pump flow, g , and load force, F,.
In Figure 7(b) the pump flow is kept
constant and the load force is ramped
up from zero (right axis). When the
pressure level (left axis) has reached
the pre-defined cracking pressure (25
MPa in the figure), the pressure in the
piston chamber, p,, is kept at a fairly
constant level and the other pressure,
P, is closing up to zero as the load
force increases further.

3.2 Linerarized Model

The static calculations in Section 3.1
are good to describe the conceptual
idea of the pressure limiter, but to
get a better understanding of the dy-
namic system behavior a linearized
model is derived. A realistic linear
model can be conceived from the
physical equations described in Sec-
tion 3.1 along with equations for the
load dynamics. After linearization
and Laplace transformation of these
equations, £q. 4-9 are obtained.

V,-s ©)
AP, =(AQ, —s-AX - 4,)-
B.
V,-s 7)
AX, :APB~1:;—A2PA~AA+AFL
S +B, s

(8)

To further consider the valve dyna-
mics, the pressure limiting valve is
looked upon according to Figure 8.
After linearization and Laplace tran-
sformation the valve closure AX  is
given by £q.9.

C

AX, =—-AP, - ——
1+T -s 9)

, where the constant C is related to

Ventil 15 /2009/ 2

the spring coefficient, k, and pres-
surized area, A _, within the valve
pressure-sense port.

A
C — sen
k (10)

S
and T is a time constant, determined
by properties related to the spring as
well as the sense-channel volume
and orifice.

k. -V, +B, -A:
T: S sen Be sen

-
ks B K pon (a1
Interesting for further analysis is the
transfer function from external load
disturbance, AF,, to the change of
pressure in the piston chamber, Ap,.
The algebraic solution to this closed
loop circuit, computed in a typical
operating condition for a construc-
tion machine,
yields a fourth order transfer func-
tion.

AP,
T AF,
(s+)(s+w,)
2
(s+0,)(s+0,)( + 20,5 +1)
5 (05

(12)

A
xmax = (pmax - pcrack) L
ka3

which along with Eq. 70 yields the
C-value

max

C=— "mx
pmax - pcrack

(14)

Furthermore, there are physical re-
strictions on the valve properties,
such as the choice of a realistic spring
coefficient as well as size of the pres-
surized area in the sense port, see £Eq.
10. Also the minimum diameter of
the valve orifice is critical as cavita-
tion on the piston rod chamber must
not occur at full lowering speed. For
example, in a 350 bar system the
cracking pressure is set to, say 250
bar, then at 350 bar the valve should
be completely closed. In this case
C =1-10"is a suitable value in
order to get an appropriate valve size
and closure.

If the cracking pressure is set closer
to the maximum this yields a higher
C-value. Looking at the poles of
the transfer function in Eq. 72, an
increase in C-value eventually leads
to system instability. How the other

system para-

meters, such as
cylinder area
ratio, working
volumes and in-
ertia load affe-
cts the limit for
instability is ra-
ther complex.
However, for a
given applica-
tion, these pro-
perties are kno-
wn, only leav-

Figure 8. Assumed valve functionality

3.3 Stability of the Linear
Model

The C-value is determined by what
pressure level, p__, beyond the
cracking pressure level, p__, is ac-
ceptable before the pressure limiter
should be completely closed.

ing out the pro-

perties of the

pressure limi-
ting valve as design parameters.
Except for the C-value, the adjusta-
ble parameters are; the valve time
constant, T, described by £q. 77 and
the geometric characteristics of the
valve, described within Kq and K_in
Eq. 5. In practice, an increased value
of T corresponds to a slower valve
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Figure 9. System damping and stability when linearizing at valve cracking pressure: (a) Hydraulic damping in respect
to T and C, (b) Stable region in respect to T and C

response to pressure increase. This
would intuitively mitigate the risk of
instability as the dynamic pressure
build-up, will not be as remarkable as
the valve will react slowly, adopting
its closure only to static changes in
pressure. In Figure 9 the system dam-
ping is shown for a set of realistic C
and T values, linearized close to the
valve cracking pressure.

The black plane illustrates where
the system damping is zero, thus
marginally stable. Seen in Figure 9(b)
high C-values can be chosen either
by using a very fast valve or quite
a slow valve. Note that without the
pressure limiting valve, the system

damping is zero as this is an ideal
pump controlled system. This stable
region will be greater in case further
system damping is introduced, such
as friction and leakage. However, as
G, in Eq.12 will change with a dif-
ferent point of linearization, the sta-
bility region will also change. Figure
10(b) illustrates the stability region
when the valve opening is chosen
closer to zero. The stable region is
now substantially smaller and will
become even smaller as the valve
closes further. Here, it still helps to
use a higher value in T _but eventually
no realistic value is good enough to
maintain stability.

3.4 Non-linear Model

To proceed with the analysis and to get
a better understanding of the instabili-
ty issue, described in Section 3.3, the
system was modelled in Modelica.
Complementing the static system of
equations, in Section 3.1, with the mis-
sing dynamic equations for the load
and the valve, a dynamic and non-
linear model is conceived. Moreover,
the main orifice and the sense-channel
orifice are both modelled as turbulent
restrictors, seen in Figure 11.

The load case parameters are the same
as for the linearized model in previous

(@

(b)

Stable Reghon
I Ustatle Region

0 07 08 08

Figure 10. System damping and stability region when linearizing close to zero: (a) Hydraulic damping in respect to
T and C, (b) Stable region in respect to T and C
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section. The C-value is still described
by Eq. 10, but T is now determined
by the properties of the sense-channel
turbulent restrictor and will hence vary
with valve closure. However, making
the restrictor area smaller will of
course still increase the T-value, given
the same pressure level. Furthermore,
a higher T value will dynamically
increase the cracking pressure which
is statically given only by the C-value.
In Figure 12(a) the instability issue is
obvious. In this figure, a very fast valve
has been used, low T-value. In Figure
12(b) a higher T-value is used, thus a
more stable behavior is shown even
though instability is a fact as the valve
opening approaches zero.

H 4 Future Work

The open-circuit solution will be
implemented in a full scale wheel
loader, where it will be evaluated
in respect to energy efficiency and
operability. Different ways of recu-
perating energy from the lowering
motions will be evaluated, especial-
ly the strengths and weaknesses of
the differential mode. The hydraulic
solution of the differential mode pre-
sented in this article, will be further
investigated. This solution and its
instability issues are familiar from
previous investigations on the dy-
namic properties of the over-center
valve, by Persson, T. [9]. His work
will be an inspiration for further re-
search. An alternative solution to the
differential mode is to accommodate
electro-hydraulic pressure control of

rated from load
lowering can in
many cases be
used immedi-
ately by for ins-
tance vehicle
propulsion and/
or other hydra-
ulic functions.

G I8

A4

Furthermore,
the advantages
with normal
lowering mode
versus differen-
tial lowering
mode have been
investigated.
Which mode is
the most suitable
depends on what
the operator is
trying to do. To
achieve an ener-

gy efficient load

Figure 11. Base for non-linear model

an orifice, thus making the control
strategy more flexible. Concerning
implementation, the pressure limiting
valve will be implemented in the
valvistor valve configuration.

M 5 Conclusions

The chosen valve configuration for the
open-circuit carries out a flexible solu-
tion that allows the working hydraulics
to lift and lower loads in several dif-
ferent modes of operation. In a wheel
loader application the energy recupe-

lowering the
choice of mode
depends on the
requested speed, the magnitude of the
load as well as pump/motor efficien-
cy at that given operating condition.
Moreover the possibility to switch
between normal mode and differential
mode is an interesting aspect regar-
ding increased efficiency. In this study
a hydraulic solution to the differential
mode is suggested and analyzed.
The suggested pressure limiting valve
demonstrates an unstable behavior
when its valve closure approached
zero. This behavior is explained by the
dynamic pressure build-up, present
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Figure 12. Non-linear, dynamic pressure response of system pressure limiter: (a) Dynamic pressure response to applied
load pressure, Low T value, (b) Dynamic pressure response to applied load pressure, High T value
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Nacini vklju¢evanja in vracanja energije v odprtih tokokrogih s krmiljenimi ¢rpalkami

Razsirjeni povzetek

Prispevek predstavlja na novo razvita hidravli¢cna krmilna vezja, ki omogocajo vracanja energije predvsem v
sistemih, ki upravljajo dviganje in spus¢anje bremen. Raziskava je usmerjena na uporabo v mobilnih strojih. Do-
slej kar dobro znani sistemi z zaznavalom obremenitve (load-sensing) so z vidika var¢evanja z energijo ze dokaj
uspesni. Njihova ze znana pomanjkljivost je slabsi izkoristek moci ob so¢asnem delovanju dveh ali ve¢ izvrsilnih
sestavin, delujocih na precej razli¢nih nivojih tlaka. Poleg tega ti sistemi tudi niso sposobni izkoristiti potencialne
energije bremen. Izkoris¢anje te energije pa omogocajo hidravli¢ni sistemi odprtih tokokrogov, predstavljeni v
tem prispevku.

Na sliki 1 je shematsko prikazan najenostavnejsi sistem, ki je rezultat te raziskave. Kot je navedeno v besedilu, kr-
miljena crpalka lahko deluje tudi kot hidravlicni motor (kar pa zal iz sheme ni razvidno; je pa skladno s tem podan
simbol ¢rpalke na slikah 7 in 11). Z vkljuCevanjem ustreznih 2/2-ventilov lahko izberemo, da tece ves hidravli¢ni
tok s strani bata hidravli¢nega valja v ¢rpalko (ta tedaj deluje kot hidravlicni motor), ali pa del v ¢rpalko, del pa
v hidravli¢ni valj na stran batnice. S tem upravljamo hitrost delovanja in stopnjo vracanja oziroma izkoris¢anja
potencialne energije bremena hidravli¢nega valja.

Sliki 2 in 3 prikazujeta moZznosti vgradnje in razli¢ne izvedbe ventilov valvistor v sistemu, ki je zasnovan predv-
sem za vracanje energije — pretvarjanje potencialne v tlacno energijo hidravli¢ne tekocine. Nastete so prednosti
uporabe ventilov tipa valvistor.

V podpoglavju 2.2 je poudarjeno, da mora biti »pridobljena« energija istocasno oziroma sproti porabljena, ker v
sistemu ni hidravlicnih akumulatorjev ali drugih sestavin za shranjevanje energije. V tekstu in na slikah 4 in 5 so
za kolesni mobilni nakladalni stroj opisani primeri izkoris¢anja pridobljene potencialne energije. Slika 5 podaja
ucinke grafi¢no z diagrami.

V poglavju 3 so obravnavani nacini delovanja mobilnega stroja — nakladalnika gramoza; obravnavani so izkorist-
ki za razli¢ne rezime dela stroja, ali je breme vecje pri dviganju ali spus¢anju, hitrosti delovanja v posameznih
fazah ipd. Podani so matemati¢ni modeli za stacionarno delovanje in linearizirani in nelinearizirani model za
dinami¢no obnasanje hidravli¢nega sistema in njegovih sestavin.

Avtorji obetajo nadaljnje raziskave na tem podrocju za hidravli¢ne sisteme mobilnih strojev. Na stopnjo vracanja
energije bo vplival operater stroja z izbiro nacina dela ob upostevanju hitrosti delovanja, velikosti bremena, smeri
gibanj bremena ipd.

Kljucne besede: krmiljenje crpalke, odprti tokokrog, stopnja izkoristka energije, vracanje energije
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HIDRAVLICNI POGONI IN KRMIUA

Spremni komentar: Uporaba tu predstavljenih tokokrogov pogonsko-krmilne hidravlike in novih krmilij ter sestavin v
teh sistemih bo velik izziv za sluzbe, ki bodo to vzdrzevale, tako kurativno kot preventivno. Uporabljena so namrec
nova, dandanes Se neobicajna krmilna vezja in sestavine. V teh raziskavah uporabljen ventil tipa valvistor je, kot je
nekoliko razvidno ze iz shem krmilij, v osnovi hidrologi¢ni ventil posebnih izvedb (hidrologicni ventil: ang.: slip-in
cartridge valve; nem: 2-Wege Einbauventil; s tremi funkcionalnimi ploskvami krmilnega bata sedeznega tipa). V
krmilju je uporabljenih nekaj specific¢nih neobicajnih izvedb, ki vplivajo na prenosne funkcije ventilov. Za uspesno
vzdrzevanje taksnih sistemov pogonsko-krmilne hidravlike bodo potrebna specializirana dodatna izobrazevanja
in usposabljanija. Ker so avtorji raziskave Svedi, najbrz takéna krmilja v prihodnosti lahko pri¢akujemo v mobilnih
strojih podjetja Volvo.

The article was originaly published in SICFP 07, Tampere, Finland.

List of Notations

Quantity Description Unity
Ay A, Effective area, piston chamber, piston rod chamber m?
A Pressurized area in pressure limiter sense port m?
B, Viscous cylinder friction coefficient Ns/m?
C Valve closure coefficient, m*/N
F Load disturbance force N
G, Transfer function from AF, to AP, 1/m?
B, Bulk modulus Pa
K Cylinder area ratio -
d, Hydraulic damping at the hydraulic resonance frequency -
AF, Linearized load disturbance force N
AP,, AP, Linearized pressure acting on A, A, Pa
AQ,, AQ, Linearized flow from/to the cylinder chambers m?3/s
AX Linearized piston displacement (stroke) m
AX Linearized valve displacement m
o, Resonance frequency for the i:th pole of G_ rad/s
K. Flow-pressure coefficient m?/sPa
k, Spring coefficient N/m
K, Valve coefficient, s/m- W
K, Flow gain coefficient m?/s
I, Spring pre-contraction m
M, Inertia mass load kg
9 [ Pressure acting on A, A, Pa
p. Pressure in volume between valvistor poppet and pilot Pa
Pk Pressure when pressure limiting valve starts to close Pa
[ Maximum allowable system pressure Pa
d, 95 Flow from/to the cylinder chambers m>/s
q, Flow to/from pump m*/s
S Laplace operator -
T Time constant of pressure limiting valve S
V., Vg Volume of piston chamber, piston rod chamber m?
vV, Piston velocity m/s
X, Valve displacement m
X Maximum valve displacement m
X ot Valvistor pilot valve displacement m
X op Valvistor main poppet displacement m
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