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ABSTRACT T temperature
Pneumatic systems controlled by solenoid or servo t = time

valves are common parts of industrial control systems. X = displacement

A pneumatic system was developed to epply active V = volume

vibration control forces. The dynamics of the system v = velocity

was studied through a simulation model and verified A = fluz linkage

through laboratory measurments of a prototype's dynamic p = density

response. The simulation model comsisted of two coupled

subsystems, The electromechanical subsystem models

solenoid valve and plunger dynamics, The  fluid

subsystem models the pressure—flow dynamics through the INTRODUCT ION

valve, piping and diffuser., The medel results and Pneumatic systems controlled by solemoid or servo

measurments agreed well and showed that control forces valves are common parts of industrial control systems.

could be generated with amplitudes of 70 Newtons to They are c¢ommonly wused to control the drive of

frequencies up to 30 nz. The model and prototype are in mechanical actuators, however, the system discussed here

use in the development of an active control system for uses air pressure forces directly, The system studied

rotating disecs. (Fig. 1) was designed as a component of a vibration
control system for cirzcular saws and other rotating
moving plate systems. Previously [1,2}, electromagnets
have been used to develop control forces which damp
plate vibration, however, electrbmagnets are not

NOMENCLATURE practical for applying tramsverse control forces to some
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The pneumatic system was designed to provide
time-varing, controlled force on a flat plate placed
across the exit area of the diffuser, The force was
developed by pressurization of the diffuser by air flow
through a solenoid valve. The system operates in a
bang-bang mode : valve closed, or valve open, in
response to drive voltages from an external controller,
When control forces are applied opposing plate
velocities normal to the plate surface, kinetic energy
of the plate is removed and plate damping is increased.
Acceptable performance of the pneumatic force gemerator
was specified as 22-44 newtons maximum force capability
up to a maximum operating frequency of 30 hz. The
purpose of this study was to explore the magnitude of
the forces developed on the plate, find the response
time of the pneumatic system, and develop a simulation
model for use in simulatioms of circular disc vibration
control systems.

The work discussed includes both the development of
a simulation model and the laboratory testing of a
prototype system, The simnlation model was developed
from the configuration of the prototype and parameter
velues assignod by independent measurements of system
components, A set of pneumatic system flow and
generated force measurements were then made in the
laboratory for comparison with gsimulation results using
the above parameters.

PNEUMATIC SYSTEN

The pneumatic system (Fig. 1) consisted of a
solenoid valve, short pipe and & diffuser, The pressure
at the discharge plane of the diffuser generated a force
on the flat plate. A simulation was developed to
predict this force using a bond graph [7] model which
consisted of lumped parameter clemonts linked together
by a junction structure whose bonds represented power
flow. The power variables were force and velocity in
the mechanical components, pressure and volume flow rate
in the fluid oomponents, as well as voltage and current
in the electrical components, The bond graph model
provided both a wunified method to model the different
power types and a systematic technigue to extract system
state equations. The pnoumatic system simulation
included two subsystems: an electromechanical subsystem
to stody the solemoid velve dynpamics and a fluid
subsystem to study the air flow dynamics,
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Figure 2: Bond graph model of the
electromechanical subsystem
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Electromechanical Subsystem

The bond graph model of a solemoid valve is shown
in Fig. 2. The coupling between electrical and
mechanical behavior was represented by a mixed IC
element which included the coil inductance and the
force—displacement relationship (compliance) from the
cail’s magnetic field on the plunger. The solenocid was
a mixed energy storage element where the inductance, L,
was a function of the plunger position, X, , within the
magnetic core, while the force on the plunger from the
magnetic compliance, C, was a function of the coil flux
linkage, A. Other elements of the model included return
spring stiffness, C3; plunger mass, 13; plunger viscous
friction, RS; and coil resistance, R4, The bond graph
also showed the effect of force, F,on the plunger
generated by the pressurs difference (P1-P2, derived
below) across the valve plunger cross section, , and
the driving voltage, E, across the coil. The bond graph
showed the system to have four state variables: xc and
2 as well as return spring deflection, X‘, and plunger
momentum, P,

The IC element was assumed to be conservative with
zero initial stored emexgy so that the electromechanical
energy stored in the IC element was the integral of the
mechanical and the electrical power flows into the

element,

t l,xe
Bx) = [ ol e oda = [ Ctiean s feax)
0 0,0

assuming the IC element has linear electrical
characteristics, an inductance, L(X ) was defined,
resulting in the following relationship between A and
the coil current, 1.

A
i= - (2)
LX)
the conservative IC element had stored energy
strictly dependent on the states X . and A. Since f

and fixed X, at its
element, ther

vanishes for i=0, we set i=0
final value doing no work on the
evalunated (1) as

A A2
EQG,X;) = j i%d) = ———mm—— (3)
0 28L(X )
The force produced by the magnetic field was dorived
from (1) using (3)
9E Al a
f= = =~ ———w———— * —~ L{Xc) 4)

ax, 2wtz dxp

The state equation for the coil flux linkage was
extracted from Fig. 3 by summing the voltages on the
coil current which included the drive voltage and the
voltage dissipation scross the coll resistance.

daa
~- = 9o - i * B4 (5)
dt
The state eqguation for the plunger momentum was

extracted from Fig. 2 by svmming the forces on the
plunger velocity which included the magnetic force,
spring and damping forces and the force introduced by
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the pressure difference across the valve, F,

daP 4 B,
__E = - f - _! - Rs » —! - F (6)
at c ¥

The state equations for plunger and spring
displacements were

dx Pm
L n
dt M
ax Pm
—E . (8)
dt )|

These state variables had identical state equations
however, their initial comditions were independexnt.

1pid Subsystem

The bond graph model of the fluid subsystem
(Fig, 3) included system parameters: pipe-diffuser
air compliance, C1; the solenoid valve flow
roesistance, B2; and the diffuser discharge plane flow
resistance, R3. The bond graph model was drivem by
air pressure applied at the valve inlet, Pl, and the
atmospheric air pressure at the diffuser exit plame,
Pa. The bond graph showed the subsystem to have one
state variable. In this case, pipe—diffuser
pressure, P2, was used,

Figure 3: Bond graph model of the fluid subsystem

The total force applied on the plate was derived
from integration of tatic pressure, A diffuser
recovers potential energy (static pressure) from
kinetic energy (flow velocity). BHowever, imcreasing
the diffuser mngle eventually results in a stall, and
negative pressurs on the disc face. Klinme's [12]
work on optimum design of straight-walled diffusers
provides us with the proper dimensions for maximom
pressure recovery., We used a 10 deg. expansion
angle din the design discussed here. Several
expressions [13,14] for the totsl force on the disc
sxist, however, in the absence of signifigant stall
regions, the pressure distribution on the plate was
assumed uniform, and

d
FORCE = rn-de\ =P2 % Ay 9)
0

where the effective area, Ad' jis the diffuser exit
area,
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From the equation of state for a perfect gas, it
can be shown that

dP2 R_*T
_____ = (m, - my) *» —- (10}
dt v

where the mass flow rates, m, and m,, were functions
of the flow resistance R2 and R3 to be derived below.

Two flow regions were defined in the subsystem:
free and choked. Choked flow occurred when the
pressures ratio across ean element exceoded the
oritical ratio of 1,89 [9]. At free flow conditions,
m, was tho product of QL and the inlet air density
and the expression used (Equ. 11) for the volume
flow rate ncross & solenoid valve was that proposed
by The National Fluid Power Associationm [10].

PL - P2
~memmem (11)
T * 56

QL = 22,48 * Cv *

A similar relationgship was wused for the discharge
volume flow rate, G3, as a functiom of (P2 - Pa),

(P2,3 - Patm)
e s 1)

and by assuming an isentropic model for a real
adisbatic process we used the pressure-density
relationship,

P+ p*/k = constant. (13)

although there was a temperature increase for the
isentropic process, wo assumed that it was
negligible. For example, 2 5 degree change from an
average temperatnre of 20 degree centigrade results
in less than one percent error in  density
calculations.

For pressure ratios above 1.89 an inoroase in
the pressure, P1, resulted in a proportional increase
in m, with no change in Q1, while changes in P2 had
no effeot [9). Mass flow rete, m,, was calculated
from [11]

1
m, = 0.532 % Cv % A, * P1 % — (14)
T

and mass flow rate m, was calculated as the product
of choked Q3 with p obtained from (13) for P = P3,

Flow coefficients, Cv and K, were determined
empirically (Fig. 7-8). For the solenold valve, Cv
was eassumed to be 1linearly related to plunger
displacement [8],

EXPERIMENTAL RESULTS

A laboratory teststand was constructed to
velidate the simnlation model, evaluate the force on
the plate, and the required air flow rate, The
prototype pneumatic system on the teststand (Fig.
4a) consisted of o KIP, Imc. solenoid valve with
0.25 inch orifice (model 6X206) mounted on & 9.525 mm
(3/8 in.) pips. The standard solemoid return spring
with 300 N/m stiffness was replaced by a spring with
a stiffness of 4000 N/m and imitial compression of
12,7 mm with the valve closed. This spring was
installed to decrease valve olosing time, The
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Figure 4a: Leboratory test system showing the
solenoid valve, pipe, diffuser and
plate. Note pressure tap installed on
pipe.

Figure 4b: The pair of plates used to test force
genereated., The transparent right-hand
plate shows the location of pressure
taps relative to the diffuser. The
left-hand plate is the strain gage load
cell used.

diffuser was mounted downstream of the valve on s
76,2 mm long, 9.525 mm (3/8 in,) pipe section, The
diffuser was fabricated from 25,4 mm O.D, plexiglas
with its O.D. expanding from 12,7 mm to
approximately 19 mm (10 deg. expansion angle) over
its 19 mm length, The diffuser expansion yielded e
37 percent increase in cross sectional area over the
pipe cxass section. .

Total air volume flow rate through the system
was messured with =& standard ASME flow meter,
consisting of o 50.8 mm (2 inch) pipe thin-plate
orifice mounted between flamges [16-18], The force
on the flate plate was measursd with a force
transducer (Fig., 4b) fabricated from four active
strain gages in Wheatstone bridge configuration [181.
Pressure distribuntion on the plate, as well as
pressures downstream and upstream of the solenoid
valve were measured with Entran Devices, Inc. (model
no. EP15-80CK-100) pressure transducers. Dynamic
pressure and force data was collected with a
PPP-11/02 minicomputer and 12 bit analog-to-digital
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Figure 5: Coil inductance vs. plunger
displacement

converter with a 10,000 Bz, sampling rate.
Equations (10) to (14) were used to convert pressure
differences across the solenoid valve to volume flow
rates. The measured coil inductance is shown inm Fig.
5. Flow coefficients for the valve (Fig. 6) and the
discharge plane (Fig, 7) were found by calibration
with the flow meter [18] in accordance with ASME
specifications [16,17].

Two flow regions were observed during operation
of the pneumatic system. The steady state force
behavior was found to be nearly linear in each regime
(Fig. 8). For an inlet pressure of 544 KPa (all
pressures are absolute) and diffuser—plate gaps above
0.45 mm., a plate force sensitivity of approximately
12.26 N/mm was observed, Below a gap of 0.45 mm, =&
sensitivity of approximately 175 N/mm was observed.
Also shown, are steady state force and volume flow
rate results from the simulation model indicated by
solid lines, As expected, there was good correlation
between the steady—-state measurements and
steady-state simulation results because of the
empirically determined discharge coefficients. At
gaps less than 0,25 mm, the variation between
measured and calculated forces increased due to
reattachment of the separated flow at the diffoser
lip which resulted (Fig. 9) in a negative pressure
region on the diffuser periphery not included in the
simplation model. This negative pressuce phenomens
is typical for devices with geometry such  as
nozzle—flapper devices [15].

For gaps above 0.45 mm and 544 KPa inlet
pressure, choked flow occurred across the valve and
free flow occurred across the diffuser because
diffuser pressure was below 192 Kpa. In this region,
the valve limited the air flow rate and flow rate was
wnaffected by the diffuser gap (Fig. 8).

For gaps below 0,45 mm and 544 Kpa inlet
pressure, the diffuser pressure was increased above
the critical 192 EPa level and choked diffuser exit
flow ocourred. At gaps between 0.18 and 0.45 mm,
both flows were choked, i.e. diffuser pressure
between 192 KPa and 290 EPa., Below 0.18 mm diffuser
gap, the diffuser pressure was above 290 XPa and free
flow occurred across the valve, In this regiom, the
flow is controlled by the diffuser gap, nearly
independont of the valve flow (Fig. 8).



Dynamic Systems: Modelling and Control, WAM Nov. 17-22,
Vol.1, pp. 121-126

1.0 : 258 — 1.5
E p A r
0.9 i 200— \ PRESSURE r ‘IV[.m'
9 ] r
3 - INPUT PRESSURE = 544 XPa (abs) L
E E 150 DISCHARGE GAP = 0.256 m  |—[.@
g 0.8 3 3 - g
8 9 ®an ] -
§ é il"—': i g
§ 0'7_; POINTS EXPERIMENT 2505 :_'.5
hu LINE FITTED CURVE & :
0.6 L= I
i & 1 L
i A -5ﬂ....g....],...n.n
9.5 T I T | T T T T RADIUS {mm) 1o 15
2 3 4 é [
PRESSURE RATIO
Figure 6: Flow coefficient for the solenoid valve Figure 9: Measured Pressure distribution on the
plate
1.8
E Step responses of the laboratory prototype at
3 POINTS ———— EXPERIMENT three diffuser gaps for 544 Kpa inlet pressure were
3 Line FITIED Cmve compared with simulation results (Fig., 10) to
£ 8.9 evaluate the accuracy of the simulation. Measured
S 3 forces are shown along with forces calculated from
‘§ 2 the diffuser pressure predicted by the simulation.
o ] The second order or higher dynamics of the measured
g e 8—: response agreed well with the fourth order, nomlinear
e simulation model. The simulation predicted a shorter
g 3 opening time for the valve than measured, The
2 3 1.5-2.0 msec difference probably resulted from not
E including eddy current effects in the simulation
0.7 4—b = model. Eddy current reduces the rate of coil flux
3 build up and thus increase the valve opening time as
3 observed in Fig. 10.
E The pressure increased towards steady state at
e.64 comparable rates in both measured and predicted
T é ! & ! 1 T responses, This observation confirmed the modelling
PRESSURE RATIO ’ > accuracy of the fluid compliance element, The
. measured responses included high frequency
Figure 7: Flow coefficient for the diffuser oscillations at approximately 600 Hz. This frequency
80 8.50
I L
] a ooy L 75
o DD e 8 o B - INPUT PRESSURE = 544 KPa (abs)
O e EXPERIMENT
60— 8,45 i ook NN
L E E - ~
= ~ ;SZ:ISPHESSUIE = 544 KPa {abs) : = 7
g e T/ e [ : 58—
gl!— o :-ﬂ.ll E 3 : GAP = 0.45 m
g | L i i ] e
L g A
20— -0.35 = 25
] : 4 AP = 0.89 mm
L ] AN
771838 ] M
8.0 . 1.8 1.5
DISCHARGE GAP ( wm ) 8 f T T T T
Figure 8: Force on plate and diffuser volume flow 8.0 L. ( seconds) 9.02 9.93

rate versus plate-diffuser discharge gap Figure 10: Pneumatic system step input rosponse



Dynamic Systems: Modelling and Control, WAM Nov. 17-22,

F.5. = FLUID SUBSYSTEM EM.S. » ELECTROMECHANICAL SUBSYSTEM

82

o
=

F.$. DYNAMICS

F.5. DYNAMICS

FORCE (newtons)

EM.S. DYNAMICS £H.5. DYNAMICS
po————ot

-24

-2

I T T
a.00 9.4 2.82 g.23 ﬂ.lﬂl 0.85
TIHE {seconds)

Figure 11: Measured pnoumatic system on-off cycle
response

is very close to measured bending and torsional
natoral froguencies of the force tramsducer [18].
The sensitivity of the transducer to deflections
indicated that the oscillations were less than 0.009
mm. and their effect on diffuser gap was megligible.
The measured dynsmics of the fluid (F.S5.) and
electromechanical (EM.S.) subsystems during an om—of £
cycle are shown in Figure 11. The total onm-cycle
force transient consisted of distinct periods
associated with separate EM,8. and F.S, dymamics,
The on-cycle began with the application of a 44 Vde
excitation for a time of 6 msec, rofered to as the
EM. 8. dynemics period, which is the time rcqnilred
for the coil flux to increase to a3 level where the
plunger began to move, At that time, the excitation
voltage was reduced to a Level required to hold the
valve open, decreasing the input power. It then took
6 msoc for the F.S, to reach steady state, The
off-cycle began with the removal of excitation
voltage. The 14 msec EM.S. transient period
observed was the time required for the coil flux to
decay to a value where the plunger began to oclose,
The F.S. then required 6 msec for the pressure
generated force to decay to zero. These results
showed that the minimum force pulse width which could
bo achieved was 26 miec. Using opposing force
gonerators to achieve bipolar forces then allows
control force periods down to 52 msec (19.2 hz)
without overlap. However, using some force averlap,
control force frequencies were genmerated up to 30 hz,

OONCLUSIONS

The dynamics of a solenoid actuated pneumatic
system have been presented. The system was designed
for control applications and a simulation model was
developed. Laboratory tests were used to
independently identify the parameters of the model
and the simulation was used to predict steady state
end transient responses over a range of diffuser
gaps. Laboratory messurments of the static air flow
rates and forces gemerated in the prototype system
compared well to predicted values, The differences
in the transiemt response ar¢ & result of eddy
current eoffects which ourrently are not modeled.
Eddy current effect can be modeled in a magnetic
system coupled with electrical system and should
vield better transient results.
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The work here provides a basis for evaluating
both future design of the same geometry for both
electromechanicel and fluid components. In the
future, diffuser developement to reduce air flow
rates at the same force levels would improve control
efficioncy. By applying a reverse voltage on the
¢oil during the off-time the closing time could be
reduced, improving system frequency response. The
system as designed meots the original design force
specification The system  is currently  uader
evalustion in a laboratory prototype circular disc
control system,
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