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ABSTRACT

Comparative characteristics of components are required to make the adequate choice
according to the desired performances or requirements of the system to be designed. This
paper proposes to define a set of characteristics, which constitute the needed data for
comparing the performances of electro-pneumatic continuous control valves including
pressure or flow control valves. These static and dynamic characteristics correspond to the
essential information required by users to make a proper choice at the design stage. The
associated experimental test rig and procedures for determining these characteristics are
also shortly described.

1. INTRODUCTION

When designing or implementing a pneumatic system or a pneumatic circuit, comparative
characteristics are required to make the adequate choice of components according to the
desired performances or design requirements. Whereas functionalities and reliability of the
designed system are more affected by the chosen architecture, the physical performances of
pneumatic circuits are mainly related to the components characteristics.

Up-to-now, much attention has been paid to the determination of mass flow rate
characteristics of components that are considered as fixed orifices [1]. Several works deal
with the mass flow rate characteristics of more complex components [2] such as silencers,
valve manifolds, or combined systems with an inlet and an exhaust ports such as solenoid
valves but in this last case, the mass flow rate is given according to the maximum valve
opening [3].

An electro-pneumatic continuous control valve is a control valve which continuously
modulates the transmitted pneumatic power in response to an electrical continuous input
signal. These components must be classified into two types according to their function
since the electrical control signal can be related to a pressure value (pressure control valves)



or to an effective variable section of each port of the flow rate stage (flow rate control
valves). These control valves include electrically modulated pneumatic proportional valves,
proportional control valves and servo valves. In this paper only devices with exhaust port to
atmosphere are considered.

Pressure regulators and servo valves, which are electro-pneumatic continuous control
valves, are complex components since their internal circuit is composed of several
restrictions with variable flow areas. For these components, the static mass flow rate
characteristics must be completed by other static characteristics and by dynamic
characteristics to make the comparison between components possible.

Several works have been done on the modelling of these types of components in order to
define simulation models, and some others have been conducted on the determination of
different characteristics, for example static characteristics obtained by tests in stationary or
in transient conditions [4, 5], or also, dynamic characteristics of valves [6]. But, none
presents a global testing and characterizing procedure that could be used as a basis for
comparing such components. Therefore, the purpose of this paper proposes to define a set
of characteristics, which constitute the needed data for comparing the performances of
electro-pneumatic continuous control valves and the associated experimental procedures for
determining these characteristics. For each type of control valve, this paper will justify the
essential information required for an objective comparison before developing on one side,
the static characteristics and on the other side, the dynamic characteristics.

2. ELECTRO-PNEUMATIC PRESSURE CONTINUOUS CONTROL VALVES

The electro-pneumatic pressure continuous control valves are generally used to provide
rapidly a flow in open or closed pneumatic circuits in order to reach a desired operating
pressure, and then to keep this pressure in despite of perturbations in the working
conditions. The choice of such a component is consequently guided by performances
related to static and dynamic characteristics. Several aspects are required for an adequate
choice:

e the performances of the pressure regulation in stationary conditions: precision
according to perturbations in working conditions, saturation, sensitivity, and dead
zone,

e the dynamic performances according to changes in the control value: response
time, time delay, overshoot, bandwidth.

Due to the complexity of these components and the different existing technologies, the use
of a single and general model is not conceivable. The performances must be deduced from
a set of characteristics, which can be obtained for any components in the most objective
manner. Therefore, our proposal consists in defining a minimal set of data or characteristics
evaluating the quality of the relation between the electrical signal (input) and the operating
pressure (output), which are sufficient to make a proper choice:



e the control-pressure characteristics at null operating flow rate give the precision
and the regularity of the pressure regulation for a closed circuit.

e the flow-pressure characteristics correspond to the admissible working domain of
the component at a given inlet pressure. This information is useful for open
circuits. It can be also interpreted as the component performance in pressure
regulation according to the operating flow.

e the pressure regulation characteristics show complementary information about the
component performance in pressure regulation according to the inlet pressure. This
is of interest to select the right inlet pressure or the sizing of the upstream circuit.

e Finally, the dynamic characteristics give some indication on the component
response to changes in the control value for different magnitudes. These data,
limited here to closed circuit, are naturally not sufficient to fully characterize the
dynamic of the component, but it seems sufficient for most of the applications.
Due to the highly non linear behaviour of these components and the asymmetry of
their architecture, a full characterisation would have required too many
measurements.

For all the tests, the pressure measurements have to be done using external sensors even if
the device has an internal pressure sensor. The use of an external sensor leads to a more
objective comparison of components as the evaluation does not depend on the internal
pressure sensor characteristic.

2.1 Static characteristics

2.1.1 Control-pressure characteristics at null operating flow rate

The control-pressure characteristics are deduced from the hysteresis curve describing the
measured operating pressure versus the electrical control signal varying in both directions
on its full scale, while the operating flow rate is null, for a constant inlet pressure as shown
schematically in Figure 1b.
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This characteristic curve is obtained using the test rig shown on Figure 2. The inlet and
operating pressure sensors are external sensors plugged on measurement tubes according to
the ISO 6358 standard [1].
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Shut-off valve F Downstream measurement tube

Temperature measurement tube G Plug
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Figure 2 Test rig for control-pressure characterisation
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To build an objective comparison of components based on the obtained characteristic curve,
three complementary characteristic values have to be determined: the linearity, the control-
pressure hysteresis and the threshold. These values quantify the precision, the regularity
and the sensitivity of the pressure control valve for a closed circuit. Figure 1 shows
respectively the determination of graphical data necessary to calculate the linearity (Eq. 1)
and the hysteresis (Eq. 2). The linearity is obtained by comparing the measured pressures to
the component gain defined as the straight line between the operating pressure values
obtained for 5% and 95% of the control signal full scale.
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The threshold is corresponding to the sensibility near the null control signal. It is defined
for the null operating flow and corresponds, on the control-pressure curve, to the minimal
value of the control signal at which the operating pressure starts to change from the value
reached at the null control signal. It can be determined in two ways:

e cither by the smallest control signal value at which the mean of the measured
operating pressures starts to change from the value reached at the minimal control
signal (case a),

e or by the control signal value at which the characteristic curve intersects the
abscissa axis (case b).

The threshold value, defined as a percentage of the control signal full scale, is then
chosen as the maximal value of these two previous values as shown in Figure 3.
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Figure 3 Graphical determination of the threshold value

2.1.2 Flow-pressure characteristics
The flow-pressure characteristic curve shows the evolution of the operating pressure
according to the operating flow rate that can be considered as a perturbation while the
control signal and the inlet pressure are kept constant. Due to the non linear behaviour of
the component it is interesting to plot this curve for at least four different settings of the
electrical control signal: 25%, 40%, 63% and 80% of the control signal full scale as shown
in Figure 4. These curves indicate the pressure static error for a given control signal value

according to the flow rate passing through the component.
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Figure 4: Flow-pressure characteristic curves

Due to the application ranges, the electro-pneumatic pressure continuous control valves
have to be characterized for supply flow rates as well as for exhaust flow rates, for both
increasing and decreasing flow values. It requires two test rigs using a mass flow meter,



modified from the ones of the ISO 6358 standard as shown in Figure 5. In both cases, the
component inlet port has always to be connected to the supply circuit with the inlet pressure
kept constant, and the exhaust port must always be connected to the atmosphere. These
requirements are important since the component has to be characterized according to its
normal use. Therefore the flow-meter has to be located at the operating port, in order to
measure the useful operating flow rate.

Since the aim of this type of characterisation is the evaluation of the quality of the pressure
regulation according to the operating flow rate, it is essential that the pressure regulation is
well established. Stationary measurements are thus the most convenient even if some works
[5, 7] have shown that alternative methods for measuring the supply flow rate using the
charge of an isothermal tank can be used. It can be noticed that using this type of
characterisations, it is not possible to measure the flow-pressure hysteresis.
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A Operating ~ pressure  regulator E Upstream  measurement  tube
(upstream) (operating)

B Upstream shut-off valve F Device to be characterized

C Operating flow-meter G Inlet measurement tube

D Upstream temperature measurement H Supply shut-off valve
tube (operating) I Supply pressure regulator

Figure 5 Test circuits for flow-pressure characterisation

Three quantitative parameters can be determined from this characterization: the flow-
pressure hysteresis determined in a similar manner as in Figure 1b using equation (2), and
the supply and the exhaust maximum sonic conductances.

The maximal sonic conductances values, corresponding to the maximal supply or exhaust
areas of the control valve, are obtained from equations (3) and (4). These values enable a
quick comparison of the maximal flows and consequently the range of the admissible
working domain of the pressure control valves. The flow rates values, which are needed for
the computation of these parameters, can be identified from the flow-pressure



characterisation as shown in Figure 4. The maximal sonic conductance in the exhaust
conditions is then determined by the average value of 5 sonic conductances obtained from
Eq. (4) using 5 points all over the asymptote of the exhaust flow rate-pressure curves
(Figure 4).
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2.1.3 Pressure regulation characteristic

The effects of the inlet pressure on the operating pressure can be measured with the
previous test rig (Figure 5a). Each curve, as shown in Figure 6, describes the rate of change
of the operating pressure versus the inlet pressure, for a nearly steady operating flow rate as
referenced on Figure 6. These characteristics give for several mass flow rates the influence
of the inlet pressure on the pressure static error.
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Figure 6 Pressure regulation characteristic curves

Note that the previous flow-pressure characteristics and pressure regulation characteristics
are similar to those proposed by the ISO 6953 standard concerning the compressed air
regulators and filter-regulators [8].

2.2 Dynamic characteristics

Since the position of the mobile part of the mechanical elements of the pressure continuous
control valve can hardly and rarely be measured, two indirect and global tests can be done
to characterize the global dynamic behaviour of the component under study: tank charges
and discharges, using the test rig shown in Figure 7. Due to the non linear behaviour of the
system and in order to give significant information about the valve dynamic, three different
sizes of test tank have to be chosen according to the maximal sonic conductance obtained
from Eq. 3. The curves, corresponding to the measure of the tank pressure versus time



(Figure 8) for steps of the electrical control signal on its full scale, give then an indication
of the valve dynamic performance in different conditions of use.
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Figure 7 Test circuit for dynamic characterization
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Figure 8 Dynamic characteristics

3. ELECTRO-PNEUMATIC FLOW RATE CONTINUOUS CONTROL VALVES

It is important to note that in the case of the electro-pneumatic flow continuous control
valves, to the electrical control signal (input control) corresponds the position of the
moving mechanical part, which defines the effective variable section of each port of the
flow rate stage (output). In order to compare different flow components, their
characterisation should consist in evaluating the quality of the relation between these input
and output.

But unlike pressure control components, the operating mass flow rate, which is here the
output of interest at the user level, is not directly controlled. It results from a superposition
of different flows in the valve and it varies with the effective sections reached for a control
signal and with the upstream and downstream pressures of each flow path. Moreover the
effective variable section of each port (depending on the position of the moving part) is not
casily measurable. Several works using stationary flow tests [9] or transitory tests [6] have
obtained some results concerning the evolution of the equivalent effective areas of the
control valve (for supply flows and for exhaust flows). But these methods are identification
procedures, in which the equivalent effective areas is computed using flow measurement
and mathematical expressions of the flow issued either from the fluid mechanics theory [9]
or from the mathematical approximation of the ISO 6358 standard [1].



Since the main applications of flow continuous control valves are flow regulations, electro-
pneumatic positioning systems or force control system, there are advantages to directly
measure the operating mass flow rate, the significant output. In a first way to compare
different control valves, we propose the use of static flow characterizations. Even if it is
easier to characterize only one port, the other one being plugged [10], we propose to
measure the global operating flow. This global flow is indeed the real outgoing (supply) or
ingoing (exhaust) operating flow through the component. It has to be measured at the
operating port, the inlet port respectively the exhaust port being always connected to the
supply circuit respectively to the atmospheric pressure according to the normal use of the
control valve.

As the operating mass flow rate depends not only on the control input (the electrical control
signal) but also on the operating pressure when the inlet and exhaust pressures are kept
constant, the static flow characteristics should consist in a 3D-map showing the evolution
of the global flow rate according to the electrical control signal and to the operating
pressure as shown in Figure 9 [Belgharbi].
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Figure 9 3D-map of the flow rate global characteristic

Such a map is naturally useful for modelling purposes [11, 12, 13], but is not well-adapted
when the goal is only the comparison of several components. It is the reason why our
proposal is to use two types of flow characteristics corresponding to planar projections of
this 3D-map: the first one is the global flow gain characteristic curves and the second one is
the pressure-flow global characteristics. These informations give the evolution of the global
mass flow rate according to the electrical control signal respectively to the operating
pressure when the other variable is kept constant.

It can be noticed that the third planar projection of the 3D-map (Figure 9), which gives the
evolution of the operating pressure according to the electrical control signal for different
constant mass flow rates can have an interest for flow control valve applications at constant
flow rate. The simplest case is obtained for a null flow rate and is interesting when flow
control valves are used to control the position of a double acting cylinder with no leakage
between the two chambers. Furthermore this particular characteristic called pressure gain



characteristic at null operating flow presents the advantage to be very easily obtained
experimentally.

Similarly to the static characterization, the dynamic performances of control valves should
be obtained using the operating flow rate as the output, but up to now, mass flow rates
cannot be measured by flow meters at high frequencies. Kawashima et al. [6, 7, 15] have
proposed to identify the instantaneous flows from pressure measurements during the charge
or the discharge of an isothermal chamber. This method enables the identification of the
frequency characteristics of the effective area of the flow path. The presented results are
naturally very interesting even if their application to frequency characteristics of the global
operating flow rate seems to be more difficult to obtain. Actually, to be fully usable, it
would require the stabilisation of the flow (and therefore, of the pressure) for any sinusoidal
control signal. We propose then to compare the dynamic characteristics of the flow
components using the output, which is directly linked to the control signal that is to say
generally the position of the moving part.

In conclusion, our proposal for evaluating the quality of the flow control valve consists in
the following minimal set of data or characteristics:

e the pressure gain characteristics at null operating flow. The shape of the
characteristic curve (linear or not), its hysteresis value and its slope are relevant
parameters for applications such as positioning systems. They have actually a
direct influence on the static positioning performances, and especially on the
stability of the steady state of the positioning system [16, 17].

e The leakage flow characteristic curve at null operating flow. Its shape and
particularly its maximal value give information concerning the air consumption of
the component at null operating flow.

e The global flow gain characteristic curves. The two curves, measured for an
operating pressure equal to the atmospheric pressure respectively to the inlet
pressure, define the admissible working domain of the component at a given inlet
pressure when the operating pressure varies between inlet and exhaust pressure
values. A third curve obtained for the operating pressure equal to the inlet pressure
minus 100kPa enables the eventual non linearity of the flow rate to be pointed out
according to the control signal (due mainly to a non linear evolution of the
equivalent effective area along the flow path).

e  The network of pressure-flow global characteristic curves. These curves show the
influence of the control signal on the flow parameters determined according to the
ISO 6358 [1], i.e. on the sonic conductance corresponding to the equivalent
effective area and on the critical pressure ratio.

e Finally, the dynamic characteristics, consisting in both frequency responses and
step responses. They are useful to compare the component responses to changes in
the control value. These characteristics are obtained from the measurement of the
position of the moving part for different magnitudes due to the high non linearity
of the component behaviour.



We will limit here our proposal to three-port flow continuous control valves, but it can be
obviously extended to five-port components.

3.1 Static characteristics

3.1.1 Pressure gain and leakage flow characteristics at null operating flow rate

The pressure gain characteristic corresponds to the hysteresis curve (Figure 10a), which
gives the measured operating pressure, at null operating flow rate and constant inlet
pressure, versus the electrical control signal when this last one is varying in both directions
on its full scale. The hysteresis value is calculated identically as in Fig. 1b using Eq. 2. The
used test rig (Fig. 11) is identical to the rig previously presented in Fig. 2, except for the
additional flow meter placed upstream the supply line in order to measure the component
leakage. This means that the evolution of the leakage flow rate at the inlet port according to
electrical control signal can be measured simultaneously to the pressure gain characteristic
at null operating flow rate.

Operating pressure, kPa (bar)
4 Leakage flow rate, dm3/s (ANR)

Inlet pressure :
kPa (bar)

Inlet pressure :

_____kPa(bar)
1 —> 1 —
-100 0 +100 -100 0 +100
Electrical control signal, % Electrical control signal, %
a) Pressure gain characteristic curve b) Leakage characteristic curve

Figure 10 Static characteristic curves at null operating flow rate

3.1.2 Global flow characteristics

The global flow characteristics can be obtained by stationary measurements, using the same
test rigs as in the case of pressure control valves: Figure 5a for the supply flow rates and
Figure 5b for the exhaust flow rates. The convention is to have supply flows corresponding
to positive values of the operating flow and exhaust flows to negative values as shown on
Figures 11 and 13.

A global flow gain characteristic curve shows the evolution of the operating flow rate when
the electrical control signal is changed in both directions on its full scale, for given
operating and inlet pressures. We propose here to determine experimentally the two curves
delimiting the operating flow range according to the minimum and the maximum operating
pressures, i.e. from the exhaust pressure (Pe) to the inlet pressure (Pi). A third curve has to
be measured for an intermediary operating pressure equal to the inlet pressure minus
100 kPa (usual conditions for determining the nominal flow rate [18]). Note that when the
flow gain curve is measured for an operating pressure equal to the exhaust pressure, a
simplified test rig (Figure 12) is used.
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Figure 12 Test circuit for characterising flow rate gain with operating port connected
to atmosphere
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Figure 13 Pressure-flow global characteristics
A pressure-flow global characteristic curve describes only the operating flow rate evolution

according to the operating pressure, for a given constant electrical control signal. To
determine the influence of the control signal, a network of curves is required. It can be



obtained by making the measurements for several electrical control signal values, as
referenced in Figure 13. Because the flow path corresponding to a given control value does
not correspond to a single restriction but to a complex network of restrictions, it is generally
difficult to determine the flow parameters (sonic conductance C, critical pressure ratio b)
according to the ISO 6358 standard [1]. However, with the extension of the mathematical
flow expression proposed by Kagawa et al. [19], and particularly with the flow parameter
m, and eventually with the cracking ratio parameter a, the determination of the 4 flow
parameters (b, C, a, m) as a function of the control signal is easier. But this can be used
only for high control signal values (greater than 20% of the maximal value) for which one
restriction along the flow path becomes predominant compared to the others.

Note that these pressure-flow global characteristic curves could be obtained using transitory
tests through the charge or a discharge of a tank of an adequate volume to be sure that the
flow is well-established at each sampling time. However the global flow gain characteristic
curves cannot be obtained from transitory tests since the three port pressures has to be kept
constant.

3.2 Dynamic characteristics

For the dynamic characterization of electro-pneumatic flow rate continuous control valves,
the position measurement can be given by the internal position sensor of the component, if
it owns one, otherwise, it will be necessary to add an external position sensor, taking care
that the implementation of such a sensor does not modify the dynamic characteristics.

A typical test circuit for the dynamic characterization of electro-pneumatic flow rate three-
port continuous control valve is described in Figure 14. The buffer tank is used to limit inlet
pressure fluctuations and it has to be placed as close as possible to the device inlet port.

Signal
generator

Recorder

sensor
Figure 14 Test circuit for dynamic characterization

Dynamic characterization consists on one hand in classical frequency responses as shown
in Figure 15 and on the other hand in step time responses as shown in Figure 16.

Due to the non linearity of the system, it is necessary to determine the frequency responses
for at least 3 different control signal amplitudes (+ 5%, *50%, +90%) plotted in bode
diagrams as shown in Figure 15. From these curves, the cut frequencies at —3dB and at —90°
are identified enabling the comparison of flow control valves.
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Figure 15 Frequency responses

In order to compare dynamic characteristics of control valves, it is also possible to record
the time response of the position of the moving part to electrical signal steps. As the
electromechanical system is non linear, a complete comparison requires several step
responses for at least 3 sets of control signals on each side of the median value (0%): 5%,
50% and 90%. They can be classified in 3 groups where:

- Step responses shown in Figure 16a are corresponding to control signal steps centred on
the median value of the signal,

- Step responses shown in Figure 16b are corresponding to control signal steps from the
median value of the signal,

- Step responses shown in Figure 16c, corresponding to control signal steps towards the
median value of the signal.
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Figure 16 Dynamic characteristics

4. CONCLUSION

The aim of this work was to set up a proposition pointing out characteristic data useful to
compare electro-pneumatic continuous pressure and flow control valves in order to help
user choice at the design stage of a pneumatic system. As it is usually the user main
concern, this proposal focused on the evaluation of the quality of the relation between the
input (the electrical signal) and the useful output of the component (operating pressure or
global operating flow rate) using static characteristics as well as dynamic ones.

Another purpose of this work was also the definition of the experimental procedures to
apply in order to obtain the different characteristics. Our main goal was also here to
simplify and to limit the required equipment. Although other procedures are available, we
have preferred to use procedures based on the ISO6358, in which static characteristics are
obtained using stationary measurements. Some remarks have been introduced in the paper
when other methods can be applied, such as measurements in transient conditions. It is
surely conceivable, that, shortly, this last procedure can be adapted to fasten the component
characterisation, to make easier the measurement of large flow components, or to obtain
directly flow frequency characteristics.
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