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Hydraulic switching control with fast switching valves may excite unacceptable hydraulic and mechanical oscillations.
Particularly if transmission lines are used, which have many oscillation modes, the avoidance of resonances by a proper
timing of the switching pulses is hardly feasible. Then, passive filters may be a good solution. A simple RC filter applied
to a cylinder drive with a transmission line to the switching valves is investigated by a transfer function analysis, numerical
methods, and experiments. Properties of the dynamic behaviour are elucidated by approximate relations derived from the
transfer function by asymptotic methods. A simple dimensioning rule recommends sizing the filter resistance close to the
hydraulic impedance of the transmission line. The capacitance’s sizing is a trade off between a potential reduction of
the resonance peak due to the cylinder natural frequency and a softness of the hydraulic drive system.
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Introduction

Hydraulic switching control operates via a relatively fast
and repeated switching of one or several switching
valves to control states like position, speed, pressure, or
force. Many different hydraulic switching circuits have
been proposed and studied so far. Scheidl and Kogler
(2013) give an overview about the state of the art. A
simple approach, called elementary hydraulic switching
control in that paper, is to replace a servo or proportional
valve by switching valves. A corresponding circuit is
shown in Figure 1. Some related results are reported in
Scheidl et al. (2000) and Scheidl and Hametner (2003).
Elementary switching control in contrast to switching
control with an intermediate circuit means that the
switching valve or valves is/are less or more directly
connected to the actuator. An intermediate circuit in the
context of switching control means an extra circuit of
passive hydraulic components. The components can be
of resistive, inductive, or capacitive nature, or check
valves or even some valves with higher functionality, but
which are not directly influenced by the automatic con-
trol going solely to the switching valves. They are placed
between the active valves and the actuator. These inter-
mediate circuits serve one or both of the following two
purposes:

(1) Pulsation filtering; fast switching provokes pres-
sure and flow pulsation with a potential negative
impact on the actuator motion or pressure quality
and/or creates unwanted noise.

(2) Improving efficiency; with a properly placed
and dimensioned inductance element in the

intermediate circuit, flow can be taken from the
low pressure line, if the actuator pressure is
below the system pressure, or can be transferred
to the high pressure line from the actuator; such
intermediate circuits together with the switching
valves are called switching converters; see, for
instance Brown (1987), Brown et al. (1988),
Kogler (2012), De Negri et al. (2014), and Pan
et al. (2014).

In many applications the switching valves (Vp, Vr in
Figure 1) cannot be directly mounted on the actuator,
because of available space, endangering of the valves by
mechanical processes in the actuator surrounding, or
maintenance reasons. Then a transmission line is placed
between the valve and the actuator. Such lines typically
exhibit a multimodal oscillatory behaviour. It is very
likely that the fast switching excites one or several of
the oscillation modes which result from the coupling of
the transmission line with the actuator.

In Scheidl et al. (2014) the authors present a simple
RC hydraulic low pass filter which intends to avoid these
negative transmission line effects. It is simply a hydrau-
lic capacitance, either in form of a fluid filled cavity or
in form of a usual hydraulic accumulator, and a resis-
tance in form of a throttle. The corresponding schematic
in Figure 2 shows that this RC filter is placed between
the switching valves and the transmission line. Of
course, the proposed RC filter is an intermediate circuit,
as mentioned above. The pipeline, even though changing
the dynamic response, is not an intermediate circuit
according to above definition, since it does not fulfil any
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Figure 1. Schematic of a linear drive using elementary hydraulic switching control (switching valves Vp, V1) replacing continuous
control by a servo or proportional valve (Vgp). Vgp is not physically present in the drive; it just should clarify the intended func-

tional role of Vp, V1, namely to replace a proportional valve.

of the two purposes. Just to make it clear, the RC filter
is not recommended for switching converters which aim
for higher efficiency, since it would cause additional
energetic losses.

Attenuation of pressure or flow pulsation is an
important topic in fluid power research. Pressure and
flow ripples can be excited by the uneven flow delivery
of displacement pumps or by the high bandwidth opera-
tion of servo, proportional, or switching valves. The pub-
lished work on pulsation and its attenuation is huge. All
main aspects of this problem field which are the sources
of excitation, the oscillatory properties of hydraulic sys-
tems, passive or active elements for pulsation attenua-
tion, the modelling and simulation, component and
system design, and optimization to suppress unwanted
pulsation, are revisited again and again to obtain better
solutions for this important problem. The references
Edge and Johnston 1990a, 1990b, Kojima and Ichiyanagi
1998, Mikota 2001, Ortig 2005, Linjama et al. 2007,
Kribayashi et al 2010, Manhartsgruber 2010, and
Plockinger et al. 2012, are only a small excerpt of the
many flow pulsation-related articles published in the last
decades. A fundamental book referring also to this issue
is Viersma (1980).

In most cases and in the short-run pulsation excita-
tion is periodic but with multi-harmonics. Many analysis
methods and attenuation devices are based on this peri-
odic nature. In switching control periodic as well as ape-
riodic operation is possible. Pulse-width modulation
(PWM) is basically periodic, even though it might be
advantageous to adapt switching frequency to some cir-
cumstances. In pulse-code modulation (PCM) as done in
digital hydraulic parallel valve technology (see e.g.
Linjama (2011)) and pulse-frequency control (PFC) as
studied in Gradl and Scheidl (2013), however, time
between two switching pulses varies strongly.

If a filter is placed in a switching control system
several frequencies have to be considered. First, the
intended operation bandwidth limit frequency which is
defined by the dynamic performance requirements,
second, the many natural frequencies which the passive
system composed of the hydraulic and the mechanical
sub-systems exhibits, and, third, the frequencies con-
tained in the switching pulses, i.e. the switching edges
and the pulse width, and in the repeating sequence,
which might be aperiodic. On the other hand, the solu-
tion should be kept as simple as possible. Simplicity not
only refers to the filter hardware but also to the under-
standing of its dynamic performance and, in turn, of its
proper dimensioning for a specific application. Scheidl
et al. (2014) gives a first, coarse design rule based on a
lumped parameter inductance model of the transmission
line and assuming a constant pressure in the hydraulic
actuator. Thus in that paper, the multimodal oscillatory
properties of the transmission line and of the mechanical
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Figure 2. Schematic of a hydraulic switching control drive
with a transmission line between valves and actuator and an
RC filter to dampen oscillations.
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sub-system, composed of the mass m and the cylinder
flexibility, are disregarded. Furthermore, it contains just
theoretical work without an experimental validation of
the concept and the dimensioning rules.

Therefore, in the present paper, a more general theo-
retical study of the RC filter by a model, which includes
the actuator and the multimodal transmission line
dynamics, and experimental results obtained with a test
rig, are presented. It also provides several analytical
results based on asymptotic methods to better compre-
hend the dynamical behaviour of the complete system.

Mathematical system model and system evaluation
Linear system model

An analytical model of the system according to Figure 2
is based on the following simplifying assumptions, most
of which just make the system linear and allow the
application of linear methods for system analysis:

e The valves (Vp, V1) are replaced by the flow rate
Oy which they submit to the system.
e The resistance (R) and capacitance (Cy) are linear

The two transmission line equations for Ql, Qz are, for
instance, obtained as limit values of the well known trans-
mission line model of D’Souza and Oldenburger (1964) if
the viscosity goes to zero. Zy is the hydraulic impedance
of the pipeline, L its length, ¢ the wave propagation speed
of the fluid, p its density and E its compression modulus,
s the piston position, s, its value in the reference state
(for linearization), 4 the pipe cross section, 4,, the piston
area, Ay the rod sided active piston area, m the moved
mass; the remaining variables can be identified from
Figure 2. If the system pressure source fed to the rod sided
cylinder chamber provides fairly constant pressure in the
relevant frequency range, this cylinder side does not play
a significant role for the filtering dynamics. Of course, it
influences the pressure offset, which has effect on the line-
arization of the actually nonlinear elements, like an orifice
to realize the resistance R or a gas filled accumulator to
build the capacitance Cy. For the further it is assumed that
these influences are properly considered in the respective
parameters of the linear models of those elements.

From Equations (1) the frequency domain state vector
X =3, p1,p2,P3, O1,02,03] can be computed as func-

tion of the input vector @ = [Qy, F|. This can even be

elements. done symbolically, but the expressions are very lengthy
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e Fluid friction in the pipeline is neglected; a linear
compressibility law is applied.

e The motion of the hydraulic cylinder per switching
cycle is so small, that its hydraulic capacity can be
considered constant over several cycles.

With these assumptions the system model is formulated
in frequency domain employing the Fourier Transform
(frequency ).
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and, therefore, are not presented. Due to problem linearity,
the result is a linear combination of both components of
. The F dependent part is omitted here, since we are not
so much interested in the effects of a time varying load.
Only the part of the solution affected by QV is investi-
gated further. The most essential state is the position s, or
its Fourier transform §, respectively. The corresponding
analytical result is shown in Equation (2).

Asymptotic analysis of the linear system model

Expression (2) does not provide much direct insight, due
to its complexity and the number of system parameters.
Therefore, nondimensional parameters are used instead,
to exploit a potential reduction of the effective number
of system parameters and, furthermore, of a potential
simplification by neglecting small effects represented by
small nondimensional parameters. The nondimensional-
ization is given by the following relations.

CyRc ol pAL
TCR = I ; QZT; M:T;
R Ch @)
a=—; = y V= A
A, L Coyi

With these scales, Equation (2) transforms to
Equation (4).
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tity. The data given in Table 1 — “Large Cylinder” are
for a very large drive, for instance for a very large press
or for the hydraulic gap control cylinder in a rolling mill.
For these values, 1 computes to u ~ 2 E-5.

In case 7o — ©0 the transfer behaviour reduces to
that of the system without the RC filter and reads

Sedp 1J
OyL —-Q (cos(Q) Q%al + sin(Q) Qa2 — pcos(Q))
®)

Its nontrivial poles are roots of the following essen-
tial part of the denominator.

(Q*aj — ) = —tan(Q) Qd? 6)

Since the pipeline piston area ratio a is mostly a very
small value (see the values for three cases of Table 1),
two types of roots of Equation (6) exist. The first type is
just one root pair =Q,; and is close to that values of Q
which make the left hand side zero, provided they do
not correspond to a pole of the tangent function. They
correspond to the free oscillation of the mass m in the
cylinder capacitance Cc,,, as Equation (7) shows.

u AE
1 =\ 7 Oy .5rg 7

A better approximation is

U

aat i) ®)

Qe =
which results from the assumption that tan((2) can be
approximated by Q, i.e. tan(QQ) ~ Q, provided the root
Qcyy is sufficiently away from the poles of tan(Q).

The second type of roots are dominated by the trans-
mission line. This can be easily seen for y — 0. Then,
Equation (6) has the nontrivial real poles according to
Equation (9).

ScAp N

The solutions of Equations (6) and (9) are best
assessed from Figure 3.

The roots of Equation (9) correspond to the free
oscillations of the combined transmission line — cylinder
hydraulic capacitance system. The load mass m cancels
out, since this relation is valid for very small u only.
The roots are close to those of the pure transmission line
with one closed and one open end. The factor A/a is the
volume ratio of hydraulic cylinder chamber in reference
position s,.r and the transmission line. If A/a is very large
— for the data of Table 1 — “Large cylinder” it computes
to 564.9 — an asymptotic expression for the n-th nontriv-
ial root (the trivial root is Q = 0) is
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Figure 3. Graphical representation of the solutions of (6) and
(9), respectively.
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For a filter with a large value of 7z a corresponding
asymptote for the transfer function (4) can be computed.
Such an asymptote, however, if it is just computed as a
formal asymptotic expansion in 7cg at infinity, would
have a leading term with poles at the frequencies Q,
according to Equation (10). More appropriate is to
approximate the denominator by the sum of the real-part
plus the imaginary part at the zeros of the real part (for
1= 0 these are the Q, according to Equation (10)) and
take just the leading term of the numerator with respect
to 7cg. This leads to Equation (11).

A good estimate for the extreme values at the poles
at Q, of the amplitude of Equation (11) for small u is
therefore

max (§ cdp ) ~ Hcr
"\Oy L) sin(Q,)yQ,(2*Q% + a?)

Approximations of €,, which are roots of the real
part of the denominator term of the transfer function
(11), are given by Equation (10). The largest nontrivial
value (besides the pole at Q= Q) will be for n= 1.
Inserting Equation (10) in Equation (12) gives the fol-
lowing lowest order approximation in a/A.
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An approximation of the transfer function at the spe-

cial pole Q =+Q,, is derived on basis of the following

assumptions: a and u are small, y and A are O(1) and,

furthermore, u < a. Then Q,; is also O(1) and justifies

the following simplification of Equation (4) at that pole
for large values of 7cx.

Scdy ~o R (14)

QV L Q=0Qcy Y COS(QCyl)

Besides these maximum responses of the system to
an excitation by QO a second important criterion of the
RC filter is the oscillatory behaviour of the autonomous
system reflected by its natural frequencies and damping
properties. Both are given by the poles of the transfer
function, i.e. the zeros of the denominator. For large 7oz
an approximation of the natural frequencies is given by
Equations (6) and (9), respectively. The damping corre-
sponds to the imaginary parts of Q. For comprehensive
analytical results, an asymptotic solution with respect to

5 |-

10 5
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Figure 4. Amplitude plot of ®(Q) (according to (4)) for different values of R/Zy, (a) and (c): parameters of large cylinder case
according to Table 1; (b) and (d): parameters of small cylinder case according to Table 1; (c) and (d) are zoomings of the resonance
peaks at Q = Qcy, of (a) and (b). The first (leftmost) pole is at Q = Qc (it exists only for tcg < Teg ), the second at Q = Qc,,;, the

others at Q = Q,,.
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large 7y is derived. To this end the roots are expressed
as series in 1/z¢cp.

Q=% +/Q; XRr= ZQR.i Top Q= ZQU TR
=0 =1

(15)

TCRapl = % is the aperiodic limit. According to the
monotonic nature of all terms in the series (20) only one
real value for ¢ can exists. Physically this eigenvalue
corresponds to a specific pressure compensation process,
if the accumulator pressure and the static pressure
according to the load do not agree. For tcp <tcpapr DO
aperiodic solution exists. 7cg ., is a remarkable choice

(12 + ua® + a4QIZQ"0 + }vzazQﬁ’O +a* QIZ{O —2aiu QIZ?-,O) Qr1=0

cos(Qryo) (

Inserting these series into the denominator term of
Equation(4) and expanding it in a power series in 1/z¢y,
gives as lowest order (O(zcg)) relation the real part of
the denominator of Equation (4), only Q replaced by
Qg . For small u the solutions for Qg , are identical to
those of Equations (6) or (9), respectively. The O(1)
expression has a real and imaginary part. After factoriza-
tion and neglect of trivial factors the two equations (see
(16)) representing the real and imaginary part remain.

Equations (16) have the following results for the
order one coefficients.

Q=0

Q. — oy uerQi‘o(a2).29§‘072a}.y+a") (17)
11— a a2 )2Qf o +(a*+ad —2adp) QF o+a? 12

Equations (17) tell that damping is of order O(1/z¢y),
and the natural frequencies deviate from those of the sys-
tem without filter (zcg —00) with O(1/1cz’). Further-
more, damping grows with larger y, in other words, with
a larger filter capacitance Cy. If ¢ and u are very small
values of comparable size the terms a”, a’A_a’, can be
neglected in (17) and Q,; becomes Ay /a. This value is
the ratio of the filter and pipeline hydraulic capacitances
as Equation (18) shows.

ECy  Cy LA
=T Cppe = —
LA~ Crpe E

iyla= (18)

The Fourier transform may have imaginary eigen-
values with corresponding aperiodic behaviour. Setting
Q =j ¢ the following equation for ¢ arises for ¢ — 0.

tcr(ard? cosh(d) + a5 sinh(9))
= a) (1 +7)dcosh(d) + (a* + 2*y6%) sinh(5) =0
(19)
A closed form solution for 0 cannot be found; but

7cr can be easily expressed as function of 6. A represen-
tation of this function as a series in J reads.
Ay 1

1
TCR :;"‘5—‘!‘0(?) (20)
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for z¢g in the sense that for zcg = teg 4y the transfer
functions owns also one non oscillatory mode of the free
vibrations of the system. If 7¢g,,, is expressed in physi-
cal parameters using the scaling relations (3) it trans-
forms into the following condition for the resistance R.

R:@:ZH Q1)

Equation (21) is the condition for a reflection-free
terminator resistor for a transmission line with imped-
ance Zy. The mode corresponding to the eigenvalue J
has its origin in the RC filter, i.e., it does not exist with-
out that filter.

For tcp <tcrap an oscillatory mode occurs. An
approximate formula of its frequency can be derived
with physical reasoning in combination with the small-
ness assumptions of the parameters a and u. An
undamped pole can be expected for tcz — 0. Therefore,
the denominator of ®(Q) is evaluated for that case and
quadratic and higher-order binomial terms of @ and u are
neglected. This gives the following equation.

Ay Q¢ tanQC:aéQc%,/% 1)

It is the frequency of the oscillator formed by the
pipe inductance (p L/A) and filter capacitance (Cy).

Figure 4 shows two graphical representations of the
transfer function ®(Q) for a large and a small cylinder
(data according to Table 1). A resonance peak occurs
close to Q = Q¢,;. For R = Zy (aperiodic limit case, cg
= Tcrqpr) DO resonances of the pipeline arise. Values of
tcr below the aperiodic limit 7¢g 4, cause a reduction of
the oscillations dominated by the transmission line
dynamics in a wide range and, for the small cylinder
case, also of the oscillation dominated by the cylinder
resonance (Q = Q¢,,). At several distinct frequencies, the
amplitudes reach those of the aperiodic limit case. These
frequencies correspond to standing pressure waves in the
transmission line having a node at the valve sided end.
The flow rate pulsations of these frequencies are just
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according to Zielke (1968).
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Figure 6.

Steady state response oscillation amplitude and phase of the piston position s of Simulink models with linear and nonlin-

ear RC filter compared to the analytical results using the transfer function Equation (4) as response to a sinusoidal flow rate input
with amplitudes of 10 I/min and 60 I/min. For the 60 /min amplitude the nonlinear RC model shows negligible deviations from the

linear model; also in the 10 1/min case, the differences are small.

covered by the corresponding flow input harmonics, the
RC filter has no effect for these frequencies because of
the pressure node at its port. For a large cylinder capac-
ity these frequencies represent Y%, 1, 1%, 2, ... wave-
lengths situations of the transmission line. Somewhat
higher amplitudes (resonances) arise at Q = Q; this is
the natural frequency of the oscillator formed by the
capacitance Cy in combination with the inertias of the
transmission line and of the piston mass m.

For R>Zy (tcp > tcrap) the resonance peaks at
Q= Q¢ do not exist, since the corresponding pole ¢ of
O(Q) is just imaginary. Transmission line dynamics-
related resonance peaks occur. They constitute Y4, %, ...
wavelengths standing waves. Also the cylinder mass sys-
tem exhibits a resonance peak at Q = Q,; . In the large
cylinder case the RC filter cannot reduce this peak if the
resistance R stays above Zz/10. Smaller resistances could
help but at the cost of rising amplitude of the Cy-related
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oscillations (Q = Q). For the small cylinder situation,
however, the RC filter can also reduce that peak. The
reason is the influence of the capacitance ratio y accord-
ing to the estimate (14); y is 5 for the small cylinder data
but only 0.05 for the large cylinder data.

This finding provides a dimensioning rule for y or
rather the capacitance Cy. A larger value reduces the res-
onance peak but it makes also the system softer by shift-
ing the capacitance-related mode to lower frequencies
according to (22). First, it is a matter of the control
bandwidth (Q() how large C;; can be made to keep all
system resonance out of that range (Qc > ). Second,
also technical aspects of realizing large capacitances
have to be taken into account.

A dimensioning rule for both RC design parameters,
R and Cyp, should consider the following general objec-
tives:

(1) Reduce transmission line-related oscillations.

(2) Reduce ©(Qc¢y).

(3) Keep the frequency Q- beyond an acceptable
value.

(4) Keep the oscillations at Q = Q. below an accept-
able level.

Since there are just two design parameters (R, Cg)
but four objectives, the dimensioning is a trade-off prob-
lem. In the dimensioning also the controller and the rele-
vant operation scenarios (use cases) should be taken into
account. The role of R is much clearer than of Cy, as
the “Small-” and “Large Cylinder” cases indicate. The
authors suggest the following first guesses only as a
starting point for a parameter optimization which takes
the controller and the relevant operating scenarios into
account:

(1) First guess for resistance: R = 0.5 Zy
(2) First guess for Cyy = 0.5 Cgyy.

Response to a pulse input

This paper is devoted to switching control. Therefore,
the system excitation happens by a single or by multiple
flow rate pulses. Two extreme cases are studied analyti-
cally. A single-pulse input with three different shapes
and periodically submitted pulses. The pulse shapes are:
rectangular, trapezoidal, and sinusoidal. Their characteris-
tic parameters and the corresponding Fourier Transforms
are shown in Table 2.

Short pulses have a broad spectrum. Each single
pulse has a countable number of zeros in its excitation
spectrum. The major part of signal intensity is covered
by the central part ending with the first zero (|Q
=2m, ~ 2.5%, = 3n). For the sinusoidal and the trapezoi-
dal signal the intensity decays with //Q% but only with
1/w for the rectangular signal. The input signal spectrum
multiplied with the transfer function (2) yields the
response spectrum of the cylinder position s.

For a typical pulse width of 7p= 10 milliseconds,
frequencies in the range of up to 600 or 900 Hz are
excited. Shorter pulses have an even higher excitation
bandwidth. For the drive configurations of Table 1-
“Large cylinder” and “Small cylinder” cases the cylinder
frequencies Qc,; are 108.6 Hz and 100.2 Hz. Therefore,
they are excited by a single pulse of the mentioned
bandwidth. The RC filter can attenuate the corresponding
oscillations according to the estimate (14), which is sig-
nificant in the small cylinder case, as has been pointed
out already before. The oscillations related to the trans-
mission line modes, however, can be suppressed quite
effectively.

Numerical models for the linear and nonlinear system

In order to check the validity of the analytical results
and to study the influence of nonlinear RC components,
numerical models in Matlab/Simulink using the hydraulic
elements library Hydrolib3 (2014) have been set up. One
model uses only linear elements for the RC system. The
transmission line model employs the method of charac-
teristics with frequency dependent damping model
according to Zielke (1968) and Suzuki (1991). The other
model replaces the linear resistor by an orifice with a
quadratic flow rate — pressure drop relation and the linear
hydraulic capacitance by a gas spring-type accumulator
model with polytropic state equation. A schematic of
both Simulink models is depicted in Figure 5.

In Figure 6 amplitude and phase of the transfer func-
tion (4) are compared with numerical results of the linear
Simulink model showing the computed steady state
results of the cylinder position to a pure sinusoidal flow

200
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® 100
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8 o
-50
100 120 140 160 180 200 220
100
= — Qlinear
g —— Q,nonlinear
= 0
s}
H
o
o
-100
100 120 140 160 180 200 220

time [ms]

Figure 7. Response of the system with linear and nonlinear
RC filter on a single pulse input; piston position s and flow rate
Qs through the orifice are shown; parameter values are those of
Table 1- “Test rig,” apart from R: linear: R = 0.5 Zy ; nonlin-
ear: orifice nominal flow rate Oy oifce = 24.5 I/min @ Sbar;
note: O3 = 0 for the system without filter!
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Figure 8. Digital hydraulic control test rig, photo (a) and schematic (b); data of the test rig are given in Table 1- “Test rig.” This
rig serves various purposes with two complex hydraulic blocks attached to it; these blocks have a complex bore structure (see the
drawing c¢)) which influences the dynamics of the system; in the tests presented in Figure 9 other valves (actually Rexroth WES) than
shown in (a) — (Rexroth SEC) were used. The hose length indicated in (b) is shorter than the transmission line length used for com-
putations according to Table 1 — “Test rig.” The difference is made up by the drillings in the blocks (valve block and block attached
to the hydraulic cylinder) and in the thick wall of the hydraulic cylinder.
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Figure 9. Piston position s and pressure p; after valve of experimental tests with and without RC filter and comparison with simula-
tion results; data of the test rig according to Table 1 — “Test rig”; settings for the simulation model: command signal to valve 3 ms
pulse, (nominal flow rate of valve: 45 I/min @ 5 bar; switching time: 1.9 ms, of which 1.3 ms are used to overcome valve metering
edge overlap; thus hydraulic opening time is 0.6 ms); ps: 200 bar, p7: 20 bar; a reduced compression modulus of £ = 10 145 bar was
used to account for hose flexibility.
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Table 1 Exemplary system parameters for three cases.
DIMENSIONAL PARAMETERS Large cylinder Small cylinder Test rig
Fluid compression modulus E bar 14,000 14,000 12,000
Fluid density P kg/m? 860 860 860
Mass m kg 15,000 150 1500
Piston area A, m’ 1.000 0.010 0.096
Piston reference position Sref m 0.2 0.2 0.1
Hydraulic capacity RC element Cy m’/Pa 7.143E-12 7.143E-12 2.143E-11
Area cross section line A cm? 1.77 1.77 2.01
Length line L m 2.00 2.00 2.60
Hydraulic capacity cylinder Ceyr m’/Pa 1.429E-10 1.429E-12 8.000E-12
Impedance line Zy kg/m? 6.199E+09 6.199E+09 5.054E+09
Wave speed of fluid c m/s 1,276 1,276 1,181
NONDIMENSIONAL PARAMETERS
Mass ratio line/mass u - 2.030E-05 2.030E-03 2.996E-04
Area ratio line/piston a - 1.770E-04 1.770E-02 2.094E-03
Length ratio Cylinder/line A - 0.100 0.100 0.038
Hydr. capacity ratios Cylinder/line Ala - 564.97 5.65 18.37
RC/cylinder y - 0.050 5.000 2.679
FREQUENCIES
Nondimen. cyl. natur. frequ. (Equ. (7)) Qe - 1.071 1.071 1.929
Idem, better approximation (Equ. (8)) Qcyr - 1.070 0.987 1.878
Cylinder natural frequency Oy rad/s 683 683 876
Joy Hz 109 109 139
Q, accord.
Equ. (10) n=1 Q, - 1.57 1.67 1.60
n=2 Q, - 4.70 4.73 4.71
n=3 Q; - 7.83 785 7.84
Correspond. dimensional values n=1 w; rad/s 1,000 1066 727
n=2 Wy rad/s 2,997 3020 2139
n=73 w3 rad/s 4,995 5009 3560
Correspond. values in Hertz n=1 1 Hz 159 170 116
n=2 fH Hz 477 481 340
n=73 13 Hz 795 797 567
FURTHER PARAMETERS
Nondimen. natural frequency Qc - 0.188 0.188 0.143
Correspond. dimensional value wc rad/s 120.03 120.03 64.77
Correspond. value in Hertz fc Hz 19.1 19.1 10.3
Nondimen. characteristic time R/ZH =1 Tcr - 28.25 28.25 49.20
R/ZH = 0,02 TR 0.565 0.565 0.984
APERIODIC LIMIT
Hydr. capacity ratio ay/A TCR apl 28.25 28.25 49.20

rate input (amplitude 60 I/min and 10 I/min) for different
discrete frequencies.

Figure 7 shows the response of the nonlinear and the
linear models for a single pulse input for the indicated
parameter settings. Two plots depict the cylinder position
and flow through the throttle. At the beginning, both
responses are almost the same. However when the flow
Q; decreases the system with nonlinear elements exhibits
underdamped behaviour. This stems from the low effec-
tive damping of the orifice at small flow rates compared
to the derived values for the linear resistance. Nonethe-
less, the oscillations of the nonlinear RC filter are drasti-
cally lower than of the system without filter.

Experimental results

A test rig in the authors’ hydraulic lab with a large cylin-
der drive for switching control is shown in Figure 8. The

hydraulic circuit corresponds basically to the schematic in
Figure 2. The transmission line is formed by a hose. The
RC filter is composed of a diaphragm accumulator and a
throttle valve. The data of the test rig are given in Table 1.
Tests with a single pulse for different settings of the RC
filter have been carried out to prove the effect of the filter
and of the adjustment rules derived in Section 2.2.

Figure 9 shows measured responses of the piston posi-
tion and of the pressure after the valve with and without
an RC filter. The “optimal” tuning of the orifice corre-
sponds roughly to a value approximately 70% of the
reflection free end resistance in case of a flow rate of 60 1/
min. Exact values cannot be given, since an adjustable ori-
fice valve was used with a relative scale. The suboptimal
tuning (R < R,,,) was approximately 30% of the optimal
setting. In that case the system exhibits a clear resonance
due to the capacitance (Q = Q) leading to a soft oscilla-
tion with a low frequency. The overshoot due to the pole
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Table 2. Shape and spectra (qualitative) of single and periodic input pulses; full lines denote single pulse, dashed lines periodic
pulses; for the periodic pulses spectra shown: 7, = T/2; for the trapezoidal pulse: Ty = Tp/5.
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at (Q = Q¢,,), however, is less pronounced than for the
‘optimal’ setting. The proper functioning of the filter and
of the tuning rule of the resistance element are clearly con-
firmed. Also the imperfect attenuation at lower amplitudes
due to the nonlinear resistance property of the orifice is as
expected and predicted by the nonlinear model. A simula-
tion result using the nonlinear model described in a previ-
ous section is shown for comparison. The data of this
model have been tuned for a good agreement, primarily
by adjusting the length of the transmission line, the bulk
modulus of the fluid therein, and a reduced thickness its
flexible wall, to account for the compliance of the hose.
Nevertheless, there is some deviation caused by the com-
plex structure of the block attached to the hydraulic cylin-
der (see Figure 8c). A much more complex model would
be needed for a better match. Since the purpose of the
paper is showing the effect of the RC filter and not the
accurate modelling of a certain hydraulic system, this
complex model is not considered, particularly also
because the robustness of the RC filter with respect to
small system modifications should be demonstrated.

Conclusion and outlook

The proposed RC filter can attenuate oscillation coming
from a transmission line between the switching valves
and the hydraulic cylinder in a hydraulic switching drive.
If the resistor is a linear element, it can fully annihilate
all transmission line-related oscillations if its value
equals the hydraulic impedance of the line. Smaller resis-
tance values improve the attenuation at higher system
frequencies but cause an additional resonance in form of
a combined oscillation of the transmission line and the
accumulator.

The RC filter may attenuate also the oscillations
related to the cylinder attached mass system. This
requires that the capacitance of the filter must be at least
in the order of the cylinder.

Due to the nonlinearity of an orifice as resistance ele-
ment the attenuation performance depends on the oscilla-
tion amplitude. Since the resistance of usual hydraulic
throttles with a linear characteristic depend on fluid vis-
cosity and, in turn, on fluid temperature, such throttles
are not a real alternative for the orifice. As long as no
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linear resistance element with a viscosity independent
linear characteristic is available, the deficiencies of the
throttle must be accepted. It should be mentioned that
the realization of such linear throttles has been a subject
of research, see e.g. Hayward (1976) and White et al.
(1984). But these throttles employ moving mechanical
components with a corresponding dynamical response
behaviour which needs to be adjusted to the required
bandwidth of the filter.

The RC filter is employed in ongoing research pro-
jects for digital hydraulic drives. As found in the analy-
sis it can suppress resonance frequencies of the
hydraulic cylinder if those have relatively small hydrau-
lic capacitance. This will be tested experimentally in
the future. The usefulness of the RC filter in the reduc-
tion of some oscillation problems in switching control
encourages analyzing other filters too. In hydraulic
switching converters which aim at improved energy
efficiency resistance elements potentially deteriorate the
efficiency. Therefore filters without a dissipative ele-
ment should be used. Such filters will be another sub-
ject of further research.

Nomenclature
A Area cross- A4, Ar Piston areas
section of
transmission line
Cu Coyi Hydraulic E Fluid
capacities of RC compression
Element and modulus
. cylinder chamber
F F Load force and L Length of
its Fourier transmission line
transform o
05 0 Flow rates 0,0, Fourier Transform
. of flow rates
Q3’ QV QSa Qv
Ova Input flow rate R Linear hydraulic
amplitude resistance
Tp Tr Tr Characteristic Zy Hydraulic
times of input impedance of
pulses transmission line
a Area ratio of c Wave propagation
transmission line speed
and piston
j Imaginary unit m Mass attached to
piston
n Order of natural ~ p;, p,, Pressures
frequency of the  p;
system
D1y P2 D3 Fourier Dy System pressure
Transform of
pressures
S, Syef Piston position, t Physical time
reference value
a Fourier transform X Fourier transform
of input vector of state vector
® Nondimensional — Q Nondimensional

Transfer function:
piston position
over input flow
rate

Fourier frequency

n-th order
nondimensional
natural frequency
dominated by the
transmission line

Qc Nondimensional Q,
natural frequency
dominated by the
transmission line
inductance and

RC filter eigenmodes
capacitance
Qp, Q;QpQ;; Real and y Capacitance ratio

of RC filter and
cylinder chamber

imaginary part
eigenvalues of
the transfer
function and their
i-th component of
an asymptotic
expansion in tcg

0 Absolute value of u Mass ratio of
a purely transmission line
imaginary Q fluid and mass m
A Length ratio of TCR Nondimensional
piston reference characteristic time
position and of RC filter

transmission line

p Fluid density eyl Natural frequency
of the system
dominated by the
cylinder — mass
system

w Fourier frequency
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