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CHAPTER I

INTRODUCTION

In the field of process control it is desirable to study dynamic
characteristics such as frequency response and distortion when deter
mining just how equipment is to be? controlled.

Pneumatic controllers,

transmitters, control valves, etc., all have dynamic behaviors which can
be expressed mathematically as transfer functions.

Each component plays

an important role in determining the entire system behavior.
Frequency response is one technique used in developing a com
ponent’s transfer function.

By driving a device with a sinusoidal sig

nal of fixed amplitude and frequency the output amplitude and phase shift
are measured and compared with that of the input.

Varying the frequency

of the input at a fixed amplitude generates frequency response data which
identify the device’s dynamic behavior.

Thesis Objectives
The purpose of this project is to design and build a device
which will transform sinusoidal electrical signals into pneumatic ones
for the purpose of analyzing air-powered devices using frequency response
techniques.

Based on the success of this project, future projects may

then be implimented, in which the low power signal would be amplified
for high power requirements.
The following performance specifications are selected as the
basis for design:
1
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1.

The output signal must be compatible with pneumatic pressure

devices in the range of 3-15 psig.
2.

The device must have a constant amplitude ratio (output to

the input) in the frequency range of 0-30 hertz.
3.

The harmonic distortion of the pneumatic signal must be

held to a minimum, preferably less than 3 per cent.
As shown in Figure 1 the output from the signal converter must
be boosted sufficiently to drive pneumatic process instrumentation and
high power output devices.

Phase I

Scope of
Present Thesis

Phase II

Future Projects

Figure 1.— Scope of project
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Thesis Structure
In Chapter II the basic operation of the signal converter is
discussed.

A description of the prototype design which meets the design

criteria is presented.
Chapter III presents the development of the mathematical model
of the electro-pneumatic signal converter.

This model is developed to

be used as a tool for evaluating the prototype's performance.
Static and dynamic tests performed are discussed in Chapter IV.
The static tests help to define some of the parameters of the system,
such as the pneumatic amplifier sensitivity, the speaker-driver spring
constant, etc.

Dynamic tests provide data for the system frequency

response characteristics, including damping ratio, natural frequency,
phase shift and breakpoint data.
nal are also analyzed.

Distortional effects on the input sig

Stability requirements of the closed loop system

are investigated along with the feedback gain values.
In Chapter V Bode and phase shift diagrams are constructed using
the data obtained in Chapter IV.

Best fit curves are superimposed or,

the Bode plots to identify the remaining parametric values used in the
mathematical model.

From the linearized characteristic equation of the

system a root locus plot is constructed to analyze the instability
problem encountered during the startup of the closed loop test.

In

addition, distortional effects of the signal converter on the data are
presented.

Finally, conclusions and recommendations are given.

CHAPTER II

FUNCTION AND DESIGN OF SIGNAL CONVERTER

Function of Signal Converter
When an electric signal Ej^ is introduced into the converter it
is conditioned in such a manner that a pneumatic output signal p
produced which is proportional to E ^ .

^ is

That is,

Pout " K-Eln
where K is some function which behaves as nearly as possible as a con
stant.

In other words, if an electrical signal were introduced into the

signal converter, the converter must, in turn, produce a pneumatic signal
which has the same shape or geometry as the electrical one.

Signal
Converter

P out

-

Figure 2.— Block diagram of signal converter

Achieving distortion-free signals requires that the system or
process be as linear as possible.
of pneumatics are nonlinear.

By their very nature, basic equations

The electro-pneumatic signal converter cer

tainly has to be classified as a device with pneumatic, and consequently,
nonlinear elements.

As will be demonstrated later, however, these dis-

k

•
>

tortional effects are minimal in low power applications.

For small vari

ations about a specified operating point, signal distortion can be con
fined within acceptable limits.
In addition, perfectD.y reproduced signals require that the signal amplitude not diminish with increased frequency.

In practice, how

ever, this is difficult to achieve when working with mechanical systems
due to the inertial effects.

As will be explained later, one measure of

the frequency response of the signal converter is its natural frequency,

where c
mass.

2

is the capacitance of the system and I

2

is its inertance or

The expression demonstrates that the natural frequency of the sys

tem decreases as the mass increases.

More simply stated, the amplitude

ratio of the system will remain constant up to a higher frequency by
lowering or reducing the mass of the system.(1).

Signal Converter Design and Construction
The electro-pneumatic signal converter was created using the
above-mentioned design criteria as a guide in its development.
The input stage consists cl a speaker driver which was originally
intended to be used as the driving mechanism in an audio speaker system.
Mounted on a channel frame the speaker driver was modified to support a
lightweight aluminum disk which serves as ths flapper of the pneumatic
or output stage of the converter.

The disk was constructed from the

lightweight material to reduce the inertia and to maintain the rigidity
required for inhibiting dj.sk vibrations during operation.
The operation of the input stage results in the conversion of

6
electrical signals into mechanical motions of the flapper disk.

The

electrical input voltage drives a current through the speaker coil which
cuts the flux lines of the permanent roagnet.

This, in turn, produces &

force which is proportional to the current induced by the input voltage.
The force displaces the diaphragm and flapper disk until the diaphragm
spring and damping forces counter in an equal and opposite direction (2).

output motion

Figure 3*— Input stage of signal converter

A pneumatic flapper nozzle was selected as the output stags due
to its simple construction and compatibility with the speaker driver.(3).

7

flapper disk

Figure 4.--Output stage of signal converter

Figure 5*— Typical characteristic curve for a pneumatic flapper
nozzle amplifier.

8
The pressure,
position,

in the pressure chamber is controlled by the
fl&PPer*

Wien the flapper is closed, p^ becomes

equal to the supply pressure, p^.

As the flapper is opened wide so that

x?„ is large, p0 approaches the ambient pressure, p .
L..
}

A typical graph of

p^ versus x is shown in Figure 5 (**•)•
The input and output stages are linked together by a mechanical
flapper disk whose motion induced by the electrical input modulates the
pneumatic output signal.
Figure 6 depicts the electro-pneumatic signal converter as the
completed assembly.

air

Figure 6.

■Completed electro-pneumatic signal converter
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Both stages are supported by a mounting structure with a verti
cal shaft constructed to support the flapper nozzle in a vertical posi
tion directly above the speaker driver.

Adjusting and set screws are

added so that the nozzle can be raised or lowered at will and posi
tioned as desired within a few thousandths of an inch of the flapper
disk.

The disk is attached to the cone of the speaker driver.

CHAPTER III

MATHEMATICAL 25DDSL SIMULATION

In this chapter a mathematical representation of the signal con
verter is developed.

This model is used to provide a means for analyzing

the convertex-'s performance, the results of which are explained in
greater detail in Chapter V.
The approach used in modeling the signal converter involves
analyzing the input and output stages separately and then synthesizing
the equations into one system.

Speaker Driver Section
Table 1 containing a description of the terms used in the speaker
driver model is found on page 11.
A bondgraph model of the speaker driver is shown in Figure 7*

Figure 7•— Bondgraph representation of the speaker driver assembly
10
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TABLE 1
DESCRIPTION OF TERMS OF SPEAKER DRIVER MODEL

Term

R1

h
1i
m,
JL

c2

h

R2

v23

x23

Units

Description

volts

electrical input signal

ohms

resistance of wire in speaker coil

henrys

inertance of speaker coil

amperes

electrical current in speaker coil

lb^./amp ere

gyrator value relating generated cut
put force of speaker driver to coil
current

inch/lb^

capactiance of speaker driver

lbm
m

inertance or mass of the moving
portion of the speaker driver

lb^/(inch/second)

resistance or damping effect of
speaker diaphragm

inches/second

velocity of flapper disk

inches

displacement of flapper disk from
flapper nozzle

/
damping ratio of the second order
portion of system

$

radians/second

natural frequency of the second
order portion of system
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The speaker-driver section is mathematically represented using
the bcndgraph method, a powerful modeling technique for interfacing dis
similar disciplines,

(See references 5 and 6 for more details on bond-

graph modeling techniques.)

In this case the interfacing is the rela

tionship between the electro-motive force in the speaker driver coil
and the mechanical motion of the diaphragm and attached flapper.
Bondgraph modeling is a lump parameter technique which permits a
simple mathematical transition from the electrical system to the mechan
ical one by means of a gyrator, GY, in the bondgraph representation of
the speaker driver assembly.

As in all modeling techniques, the mathe

matical simulation of a real system is only as good as the simplifying
assumptions and approximations will allow.
In the bondgraph representation shown in Figure 7 it is assumed
that the electrical inertance, 1^, and the capacitance, C^, are small
enough to neglect when compared with the other parameters in the model.
The elimination of these two parameters reduces the system to a second
order differential equation.

Another simplifying assumption is to treat

all of the lumped parameters as constants.

These simplifications lead

to a second ordor linear differential equation with constant coefficients
whose solution can easily be handled through classical methods.

The

details of this development are included in Appendix A.
The resulting equation relates the input signal voltage
the output motion x

in the following manner:

_______in/v
*23(s) -

—
s +

(s2 +
n

u) 2 )/ to
n
n

Eta(s)

(3.1-1)

to
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where
K. , s ml°2
an /v
R.

t

2$<0
n

R )
2

2
<0

n

(3.1-2)

arid

1

(3.1-3)

(3.1-4)

I2C2

Mechanical-Pneumatic Section
A description of the terms used in the pneumatic amplifier is
found in Table 2.
A different approach is used to model the pneumatic flapper
noazle amplifier, schematically represented below.

Figure 8.— Schematic of pneumatic amplifier
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TABLE 2
DESCRIPTION OF TERMS OF PNEUMATIC AMPLIFIER

Term

”12
”23
P1

Units

Description

Ib^/second

air flow through

first orifice

lb /second
m

air flow through flapper nozzle orifice

psia

air supply pressure

psia

air output pressure

psia

ambient air pressure

(inches)*"

area of inlet orifice

(inches)^

area of flapper nozzle orifice

inches

distance between flapper disk and nozzle

p3
A12
A23
x23
C12

discharge coefficient of inlet orifice

c23

discharge coefficient of flapper nozzle
orifice

T

stagnation temperature of air

°R

k

ratio of specific heats of air
a

gc
R

(Ib^ -in)/lb^~(second)*” dimensional constant
(lbf -in)/(lbn - °R)

gas constant for air

Kpsi/in

P si/1"'=h

sensitivity of pneumatic amplifier

■rQ

seconds

calculated first order breakpoint or
time constant of pneumatic amplifier
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Several basic equations are employed to derive the pressure-mass
flow relationship.

As in the electro-mechanical section, some simplify

ing assumptions are made that facilitate the mathematical formulation.
In using the energy equation it is assumed that no work or heat is added
to the system and that the total energy change in the system is negli
gible since the air flowing through the nozzle conforms to steady flowconditions.

It is also assumed that air behaves as a perfect gas.

In

addition, assuming frictionless adiabatic flow allows the use of the
relationship p*v^ = constant (?) (8) (9) (10).
Appendix B gives a detailed explanation of the flow equation
development through both the inlet orifice located at the 1-2 section
and the flapper nozzle at the 2-3 section.
Since the flow relationship to pressure is similar through both
nozzles in subsonic flow, the first and seccnd

equations presented here

require only a change in subscripts:

i

_ (ci2A12^1

n1 2 ----- r~ ~ -

2 kgc
(k-l)R

Tfh.

^C23A23^p2

where

m

2/k. f p? f r )

LW

k )

2 kg

c
(k'-llR

(3.2-1)

J

(3 .2-2 )

(p 4 /kV

= f (x^).

Unlike the electrical systems which are more nearly linear, the
pressure-mass flow relationship of air-handling devices is complex and
obviously nonlinear.

To simplify the analytical work, two more restric

tions are imposed on the model.

First, the flow rate of air through the

pneumatic amplifier is maintained below the critical or choked flow
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region; and second, to use classical analytical methods the mass flow
equations are linearized.

This approximation implies that the model will

be operated about a selected steady state position with only small varia
tions allowed from that point.

Although this second constraint is a

sevei'e one, nevertheless, it is a valid one for low-signal applications.
The linearized mathematical model for the pneumatic amplifier as
developed in Appendix B becomes:
K
psi/ian

P2(s) “

X

(s)

(3.2-3)

-r.t-

Combined Mathematical Model
From this point it is a simple matter to synthesize the entire
signal converter mathematically.

Combining equations (3*1-1) and (3*2-3)

the result becomes:

hr ,/v

Kp gi/in

+ -h[

(s^ 'f
L

S + 1) /
n

n _
(3*3-1)

To make the above model compatible with the tests which were run
on the prototype in the open loop configuration requires the addition of
a power amplifier with a gain of KyjY and a pressure transducer having a
voltage output proportional to the measured output pressure p^«
is represented by KpSp/v *

Its gain

The pressure transducer provides a means to

compare the output signal with the input E_^ on an electrical basis.
overall open loop gain or sensitivity K
ual gains in the loop.

The

is a product of all the individ

17

K’ = ( V ^ ^ KW v ^ ( W

n ) ,( K v / p s i )

(3.3-2)

*

The open loop configuration for this system is shown in Figure
9.

K. ,
an/v

*sJa1
?v

(s2+2 5to

n

s+l)/<J
' n

... Knsi/_in.,
■fc (s -J- ~

Sout(s)
-K
Vpsi

Figure 9*— Block diagram to open loop configuration of model

The equivalent transfer function of the above circuit becomes

G(s)

Eout<s)
V

Sj

(3.3-3)

or

G(s) = --------- ----- J L ------------- —

(3.3-4)

T„(s + -i-)(s~ + 2£u> s + 1 )/io
c
ic
n
.n

For the closed loop condition a feedback circuit
system with a gain K_, .
Id

is added to the

18

+

Figure 10.— -Model’s closed loop block diagram

The closed loop transfer function becomes

G (s) a r- G i s L _ _
c
rTK^G(7y

(3.3-5)

or substituting in for G(s),

Gc(s) = ------------------ L _ —

--------- —

(3.3-6)

T C(S -i--i-)(s2 + 2J W S + 1 ) J L + KfbK*
•c

n

yx

It. is significant to note that the form of the mathematical model
checks with the experimental Bode diagram.

CHAPTER. IV

SIGNAL CONVERTER PARAMETER IDENTIFICATION

With the completion of ths prototype and the formulation of its
mathematical model the next stage of this project is testing of the
system's performance characteristics and identifying the model's several
parameters.
To obtain a mathematical model which matches the static and
dynamic behavior of the signal converter, each of the model's parameters
was measured in tests on the prototype.
In this chapter descriptions of the static tests performed on
the speaker driver and pneumatic amplifier are presented along with the
methods used to dynamically test the signal converter as a system.

Static Test of Input Stage
To identify the input or the speaker driver portion of the con
verter, five lumped parameters, R^, m^» c^.

and ^

were usec* dn the

model of Figure 7 in Chapter III.
The moving coil resistance
measure.

was the simplest parameter to

A vacuum tube volt meter (VTVM) was placed across the coil

terminal and the resistance was read directly on the ohm scale as 6.18
ohms.
The gyrator constant, m^» is defined by the relationship

20
where f

2

is the resultant moving coil force corresponding to a given

current, i^, through the coil (2).
In order to supply sufficient current to the speaker driver coil,
a power amplifier was inserted into the circuit as shown below.

Figure 11. — Apparatus for measuring m

Rather than measure the coil current directly, the coil voltage

i
E. was measured as a function of f since
in
2
m

=
1

i

but

i = is.
H

Ri

Then
m

=

f R
2 1
i
E
in

or

f
m/R
1 1
in
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With no voltage applied to the moving coil the reference posi
tion of the flapper disk was measured using a measuring microscope.
Then small weights were added tc the face of the flapper disk in increas
ing sizes to displace the disk from its reference position.

The d.c.

f
voltage E
was applied across the moving coil until there was sufficient
in
current generating force f^ to move the disk back to its original loca
tion for each of the weights.

The weights and corresponding voltages

are recorded and plotted in Figure 12.

Figure 12.— Determination of m
1
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Using the same test apparatus the value for c^, the diaphragm
spring capacitance, was measured by noting the deflection of the flapper
disk corresponding to a given weight place on the disk’s face.

The data

is plotted in Figure 13-

weight
(lbf )

(10 J inches)

Figure 13.— Determination of

For the parameters

the inertance of the moving coil as well

as the diaphragm and the flapper disk, and R^, the viscous damping in
the diaphragm, the values are presented in Table 3 in Chapter V.

23
From equations (3*1-3) and (3.1~4)

I0 =

— L—
c
n 2

(4,1-1)

,and

2

is.
R~ = I0(2£c«3 -ILL™)
n
RlIz

.

(4.1-2)

Static Test for Pneumatic Amplifier
As in the first stage, to obtain a mathematical model which
matched the static characteristics of the pneumatic amplifier each of
the model* s parameters was measured or calculated.
The characteristic curve of the pneumatic amplifier was defined
by the relationship between the output pressure of the flapper nozzle,
p^, and the displacement of the nozzle flapper disk,
An adjustable plate with positioning nuts was used in place of
the flapper disk and speaker driver.

By raising or lowering the plate

with respect to the pneumatic nozzle the output pressure was varied.
each setting of the adjustable plate the gap,

For

y was observed with a

measuring microscope while the corresponding output pressure was re
corded.

The pressure was measured using a precision pressure gauge.

The

data obtained from this experiment is graphically displayed in Figure 15.
From the plotted data in Figure 15 an operating point was
located.

Its selection w7as based first on the fact that the data in that

region were fairly linear and, second, the pressure transducer used
throughout the project's testing period had a range of only 0-6 psig.
Higher pressures would have been recorded if a transducer with a 3-15
psig range had been available.
point for the dynamic tests.

5*0 psig was selected as the operating

2h

supply

Figure 14.— Apparatus for determining the characteristic curve
of pneumatic amplifier.
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Figure 15.--Characteristic curve of pneumatic amplifier
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For small perturbations about the operating point on the curve
the relationship between p

and x
2

is approximated by a straight line.
23

K
, is defined as the line’s slope and is measured to be -486 psi/in.
psi/in
In Chapter III the first ordor time constant of the model is
defined as

where

C
1

C

t

2

2

and

V

c

is the volume in the nozzle chamber where p

the parameters, V , C , C

c

2
before -f can be computed,
c

1

and C

2

is measured.

Each of

have to be calculated or measured

3

Mathematically, from equation (3.2-1) in Chapter I U ,

(4.2-1)

2?
Then

For air,
R = 53.35 (lb„ - ft)/(lb - °R)
I
ia
k = 1.4
Also,

2

g

= 32.2 (lb - ft)/(lb - sec )
c
in
f
= 3«068 x 10“3 (inches)^

From Perry's data for a sharp-edged orifice as used in Andersen's
book (13), C,~ should be approximately equal to 0.64 for a pressure ratio
_
12
P£
of — = 0.815. However, the inlet orifice plate used in the flapper
P1
nozzle was not located in an ideal position. The supply air into the
orifice did not have a sufficient number of straight run pipe diameters
upstream or downstream of the restriction.
mated to be somewhat less than Perry’s data.

As a result, C^> was esti
= 0.6 has been used

throughout all the remaining calculations.
Substituting the above values into equation (4.2-2) yields

C
1

= -6.96 >: 10 ^ (lb /sec)/psi
m

when

P2 * 5.0 psig

28
^ Bl_,
23
To calculate Q = - r r ^ it is necessary to differentiate equation
'2
dp2
(3.2-2) of Chapter III with respect to p^.

c2 = c23

23

That is,

/ 2kgc „
V(k-l;RT

(4.2-3)
Before solving this equation the effective area C
established.

A
had to be
23 23

For steady flow conditions

*12*

(4.2-4)

Substituting in equations (3.2-1) and (3.2-2),

(4.2-5)

29

At p£ = 5.0 psig,
C
C

A
A

1.06

12 12
or

C A
Cj

,

“3

- 1.96 x 10

.square inches.

Substituting this value back in equation (A.2-3) along with the
previously evaluated parameters yields
C

= 7.19 x 10“5 (lb /sec)/psi.
m

2

C

is defined as V /RT where V is the volume of the output
c
c
pressure chamber, R is the gas constant for air, and T is the total or

3

local stagnation temperature of the air.
V

c

was determined by measuring the physical dimensions of the

3

pressure chamber and was found to be 0.273 i n .
8.20 x 10“/ lb /psi.
m

Using the calculated values for C_, C0 and C , ~C
1 2
3 c

was then computed to be

-r

=

8.20 x 10“? lb /psi
m
(7.19 + 6 .96)10‘^ (lb /sec)/r»si
m

*f*

c

C_ then becomes equal to
3

= O.CO58O second,

30
Dynamic Tests
To complete the analysis of the signal converter's behavior,
tests were performed to determine its dynamic characteristics.

As shown

in Figure 16, the apparatus was arranged to accomodate both an open loop
and a closed loop test.

A signal generator introduced an electric sig

nal, E , into the d.c. power amplifier via an inverter-summing amplifier,
in
The power amplifier was needed in the circuit to provide sufficient
muscle to move the speaker coil and attached flapper.

The modulated out

put pressure, p^, was monitored by a pressure transducer pickup and con
verted by the transducer amplifier into an electrical signal, E

®cu^.

was used as the converter’s equivalent output signal for comparison with
E

,
in
The additional pieces of equipment included in the circuit had to

be considered part of the signal converter system.

The converter’s

frequency response characteristics were, therefore, those of the system.
To determine how much the flapper disk would deflect from its
zero position when subjected to the discharge air from the nozzle,
20 psig supply air was introduced ahead of the inlet orifice.

No

measurable deviation from the flapper disk’s zero position could be
detected with a measuring microscope.

If some deflection had been ob

served, a d.c, voltage at the input of the speaker driver would have
been applied to compensate the static displacement.
With the operating point adjusted to 5 psig in the signal con
verter, the open loop test was initiated by introducing a voltage from
the signal generator through the power amplifier into the speaker coil.
The frequency of the input signal was varied from the range of 0.05 hertz
up to 120 hertz, while the amplitude and phase shift of the pneumatic out
put was noted for each frequency level.

summing
amplifier
(inverter)

signal
generator

Ein

1
1

I

d« C«
£•in
power
amplifiej

electropneumatic
signal
converter

pressure
transducer

summing
amplifier
(inverter) C % u t
switch
potentiometer

Y .

l-l
2

1

transducer
amplifier

Eout
(a.c. only)
.5

NOTES:

(1)
(2)

-10 volts d.c

When switch is open, system is in open loop configuration.
When switch is closed, system is in closed loop configuration.

Figure 16.— Dynamic response loop circuit

V.0
I
—*

32
In an effort to improve its response characteristics, the sig
nal converter was tested in a closed loop configuration.

The system

remained the same as in the open loop test with the exception of closing
the switch in the feedback circuit, as shown in Figure 16.
When the signal generator was turned on for the closed loop test,
a strong vibration was immediately observed between the pneumatic ampli
fier nozzle and the nozzle flapper.

After some experimentation the

author put his hand on the flapper and found that he was able to arrest
these vibrations and allow the system to function as it should.

It was

apparent that the test could not proceed unless some modifications were
made.
A rubber band was attached over the top of the flapper disk and
secured at both ends to the supporting frame.

This action damped and

stiffened the speaker*s diaphragm and helped to stabilize the system.
This correction was documented by measuring the static deflection of the
flapper when the rubber band was placed in position.

The total dis

placement was 0.039 cm.
In addition to this modification a potentiometer was added to
the circuit to achieve operational stability.
duced from unity to 0.125.
operation.

The feedback gain was re

Values larger than this resulted in unstable

The causes of instability are explained in Chapter V.

The open loop test was re-run to obtain the frequency response
data corresponding to the design changes.

The frequency response curves

for both open and closed loop tests are presented in Chapter V.
Frequency response data of both the input and output signals
were recorded for signal distortion analysis.

They were monitored at

frequencies of 0.3., 0.5, 1.0, 5*0 and 10.0 hertz.

Figure 1? shows the
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Figure 17a .— Open loop sine wave pattern; frequency 0.5 hertz

Figure 17b,--^Closed loop sine wave pattern; frequency 0.5 hertz

3'!-

Figure 17c.— Open loop sine wave pattern; frequency 5*0 hertz

Figure l?d.— Closed loop sine wave pattern; frequency 5-0 hertz
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output response corresponding with the electrical input signal at 0.5
hertz and 5*0 hertz fox* both open and closed loop configurations.
data at the other frequencies are included in Appendix: C.
of these results follows in Chapter V.

The

A discussion

CHAPTER V

DISCUSSION OF RESULTS

Presented in this chapter are Bode and phase shift diagrams which
were developed from the test data in Chapter IV.

The Bode plot identi

fies the signal converter’s open and closed loop dynamic response
characteristics.
A root locus study of the closed loop system reveals the cause
of the instability problem encountered during the tests.
Also discussed are the distortional effects of the converter on
the input signal as they are transformed from electrical to pneumatic
ones.

Frequency Response Analysis (4) (12)
As described earlier, the signal converter was tested in two
basic circuit configurations for the purpose of determining if an im
provement of performance could be realized.

The data from these experi

ments are analyzed in their open loop and closed loop configurations.
The data of the open loop test are presented in Figures 3.8 and
19*

A best fit curve is passed through the data points on the Bode

diagram to identify the signal converter’s equivalent transfer function.
A first order breakpoint,

is found to be 28 hertz, while the
■f
natural frequency, /,) , of the second order portion of the curve is
n
located at 150 hertz.
3.5^3*

The measured open loop static sensitivity, K , is

The damping ratio of the second order section,
36

£ , is determined

Figure 18.--.Bods diagram of open loop configuration

-o

frequency

(hertz)

Figure 19.— Phase shift diagram of open loop configuration

CO
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to be .125.

Whether or not the measured data actually follows the

model's response above 160 hertz is not established since no tests have
been performed beyond that frequency.

However, at the time of the test

160 hertz was considered to be as high a frequency as any of the pneu
matic instrumentation which might be tested with this apparatus in the
near future.

The curve is a good fit for all frequencies up to that

point.
Regarding the system's phase shift characteristics, the model
and the measured curves in Figure 19 differ by as little as four degrees
at .01 hertz and increase to as much as eighteen degrees at 5*0 hertz.
Beyond that point the difference in phase shift reduces back down to four
degrees at 20 hertz.

Beyond 20 hertz the difference in phase shift be

tween the two curves increases with frequency.
One of the criteria of the signal converter's design is to pro
vide a pneumatic signal which can be used to test other pneumatic de
vices.

From this point of view the converter's phase shift is not nearly

as critical as the shape of the wave.

Indeed, the major objective of

this project is to construct as nearly as possible a device capable of
producing distortion-free, reproducible pneumatic signals at the highest
possible frequencies.
As developed in Chapter III, the basic form of the system’s
mathematical model consists of two parts.

The first stage is represented

by a second order linear differential equation with constant coefficients.
The Laplace transformed equivalent is
KW v _____________
X23(S) =

(s2 + 2 £ i O s + 0 Z )/u> 2
n
n
n

E

in

(s)

(5.1-1)

ko
The second section is approximated by a linear first order
differential equation whose Laplace transform is

P2 (S) .

x23(s)

(5.1-2)

The combined stages of the model, augmented with additional
gains in the system, yield the final transfer function

Eo u t ^

K*
(-f/u> 2 )(s + l/-f)(s2 + Z%u> s
n
n

2)
n

where

K

- v

v

w

w

-

Using the principle of superposition the best fit curve is
passed through the data as plotted on the Bode diagram.

This is deter

mined by adding both first and second order frequency response curves
together.

The first and second order responses are shown in Figure 18.

The resulting curve approximates a linear third order system.
Inserting the experimental values obtained from the Bode plot,

(5.1-*0
0(3 ^

■ i f W -

in

G(Ju>)

_________________ _________ 3-563 , ...

_

..._ ....

6.^2 x 10“9 (jw>)3 + 2.6^ x 10"6(ja))2 + 5-95 x 10“3 (ju>) + 1

(5.1-5)
The above transfer function reveals that at very low values of
ub the system behaves as a first order system, but as the frequency
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increases the second and third order derivatives have greater influence
in its dynamic behavior.
The Bode diagram in Figure 20 for the closed loop case indicates
that, an increase in the converter's performance is realized simply by
adding a feedback circuit to the system.

The first order breakpoint on

the host fit curve is located at 42 hertz, 14 hertz higher than the open
loop case.

There is negligible change in the natural frequency, O

,
n

from the open loop to the closed loop configuration.
analysis verifies this observation.

The root locus

The measured closed loop sensitivity

or gain, K , is 2.417.
c
A summary of all the measured or calculated parameters determined
in Chapter IV or in this chapter is contained in Table III.
The relationship between the open and closed loop configurations
of the signal converter are explained as follows.
If G(s) represents the open loop function.
K

G(s) =

(5.1-6)

(-r/u 2)(s + i/r)(s2 + 2Su) s +u> 2)
n

n

n

and H(s) represents the feedback gain,

H W

(5»1~7)

- K

From the block diagram in Figure 22 the algebraic equivalent is

Eout(s) ’

[ V S) " « • » . * < - > ]

G(s).

(5.1-8)

Rearranging terms the closed loop transfer function G (s) is
e
defined as

(5.1-9)
in

■ r

r

l

f

c

u>

Figure 20.— Bode diagram of closed loop configuration

n

-t-N>

Figure 21.— Phase shift diagram of closed loop configuration

4=-
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TABLE 3
SUMMARY OF CALCULATED AMD MEASURED
SIGNAL CONVERTER PARAMETERS

Parameter

Units

Value

-6.96 x 10"-*

(lb /second)/psi
JU

7,19 x 10~5

(lb /second)/psi
m

s

8.20 x 10~7

lb /psi
in

V

2.73 x 10"1

(inches)

5,80 x 10~3

second

5.68 x 10“3

second

°i

°2

c
■To
v

^psi/in

X

3

-4.86 x 102

psi/inch

1.25 x 10'1
1.50 x 102

hertz

6.18

ohms

m
1

1.91

lb /ampere
f

c

8.70 x 10-3

inch/lb

<J

n

Ri

2
*2
R

f

6.21 x lo ”2

lb
m

5.76 x 10~3

lb„/(inch/second)
i

3.58

voIt/volt

2.42

volt/volt

2
K
K

i

c

Jout

(s)

Figure 22.— Signal converter’s closed loop block diagram

or

G (s) =
c

((J 2/ ^ ) K*
n
(s-rl/-f')(s

+2^uJs+u))+(lJ
/f)K K
■fb
s
n
n
n

(5.1-10)
In the above expression for G (s) the relationship between the
c
open and closed loop sensitivities is established.

By allowing s to

approach sero, G (s) becomes
c
K

* G (s)

c-e

i
K
A = ----- ,
s-*0 i + k k

($.1-11)
fb

Solving for K

c

using the measured values K

Kfb =0.125,

F - -- ..3.583
c

r

1 + (3.583X0.125)

= 3*583 and
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or
K

c

= 2,47.

This eoBipares favorably with the measured closed loop gain of
2,42,

Tha per cent difference is 2,34.

Root Locus Analysis (4) (12) (13)
In Chapter IV mention is made of a vibration problem that was
encountered at the beginning of the closed loop test.

As the unity feed

back loop was connected around the signal converter, considerable vibra
tion was observed between the flapper disk of the speaker driver and the
pneumatic flapper nozzle.

It is important to note that the system was

stable before the unity feedback circuit was inserted.
By experimentation several things were tried to eliminate this
vibration.

After going through the system and examining all the com

ponents for proper connections, a hand was placed on the flapper disk
of the speaker driver, applying stifficient pressure to damp and stiffen
the input stage to move it back into the stable region of operation.
In order to proceed with the test, pressure on the flapper disk
was applied by connecting a rubber band over the disk and to the sides
of the input stage.

In addition to this modification, a potentiometer

was added to the feedback circuit to reduce the loop sensitivity.

Under

these conditions the system was put into operation again and, as noted
earlier, the gain K
was reduced to 0.125 to achieve stability.
fb
To simulate test conditions and to analyze the effects of the
feedback gain X „ , a root locus analysis is made of the system.
fb

The

mathematical model as developed in Chapter III has been refined using
the frequency response analysis as discussed earlier in this chapter.
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This model forms the basis of the root locus investigation.

The

characteristic equation of the linearized closed loop condition is

(s+l/*f")(s

+ 2 ^ oj s +
n

n

) +f”cs— )k K„, = 0
W
'
ID

(5*2-1)

When the feedback gain K„, is equal to zero, the system is

ID

equivalent to the open loop configuration.
off,

Using the measured values

S , and UJ , the roots of the above equation become
n
S1 ~

rac^ &ns/second,

and

s? j - -117.8 + J935-1 radiant;/second ,

Using these values a root locus plot is constructed as shown in
Figure 23, where the >:’s represent the roots of the open loop character
istic equation.

By increasing the value of K

of roots arc plotted for each value of K
cludes all values of

.

fb

a corresponding locus

The root locus plot in

from 0 up through and beyond 1.0.

K

= 1.0

is the value when the feedback circuit was first added to the signal con
verter.

From the diagram it can clearly be discerned that when this

condition is experienced the system is moved from its stable position
on the left side of the graph into the unstable region on the right hand
side.

The root locus plot establishes beyond any doubt why the vibra

tions were encountered during the startup.
By reducing K_, the system moves back into the stable region.

ID

It should be noted that in reality there is no sharp line of demarcation
between stability and instability.
marginal stability.

Rather, there is a zone or area of

During the test,

guarantee absolute stability.

had to be reduced to 0.125 to
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+j U)

Figure 23.— Root locus.analysis
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Thus, by placing the hand on the speaker driver disk, sufficient
damping was added to the system to move the operation back toward the
stable region.

However, the rubber band did not exactly match the con

dition of the hand, so that when the unity feedback was added, the
system continued to remain unstable.
was stability achieved.

Only by inserting a potentiometer

The major benefit of adding the rubber band was

to increase the capacitance, c^, of the speaker diaphragm and, conse
quently, to increase its natural frequency, UJ .
n
Signal Distortion
The design criteria specifies that the distortional effects im
posed on the input signal as it is transposed from its electrical con
figuration into a corresponding pneumatic'one must be minimal.
As evidenced by the characteristic curve of the flapper nozzle,
the pneumatic amplifier behaves in a nonlinear fashion and, thus, dis
ports the signal.
In order to determine how much the wave forms are deformed, a
quantitative measure of distortion is defined to provide a basis of
comparison between the distorted signal and the ideal wave shape.
Figure 24 shows both a sine wave and an output wave superimposed on
each other.

As illustrated, the sine wave crosses the horizontal axis

precisely in the middle of on® complete cycle or in •fT radians while
the distorted wave intersects some time later in the cycle.
cent distortion of the output wave is defined, then:

per cent distortion =

e
2 If

x 100

The per
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Figure 2,
4 .— Distorted sine wave

The recorded output signals f'or both open and closed loop tests
are compared to the input signals at several frequencies.

Table 4 lists

the per cent distortion in both the open and closed loop configurations
at different frequencies up through 10 hertz.

Above 10 hertz the speed

of the recorder was not capable of following the signals without super
imposing its own distortional effects.
As noted, the open loop test varies between 5*0 and 6.6 per cent
distortion.

However, in the closed loop test the quality of the output

wave pattern was greatly improved at all frequencies.
Typical records of the inputs and outputs of the converter are
shown in Figure 25.
distortion.

Examination of Figure 25 reveals another type of

In the open loop circuit, high frequency noise from the

pressure transducer's amplifier is superimposed on the output pressure
signal, converting it from a clean to a noisy one at 0.5 hertz.

As the

signal frequency is increased to 5*0 hertz, the noise is spread out on
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TABLE 4
PER CENT DISTORTION OF THE OUTPUT SIGNAL FOR
OPEN AND CLOSED LOOP CONFIGURATIONS

FREQUENCY

PER CENT DISTORTION

(hertz)

open loop test

0.1

6.5

0.26

0.5

5.6

0.51

1.0

6.6

negligible

5.0

5.0

negligible

10.0

5.6

negligible

closed loop test

the strip chart sufficiently that it can be measured.

Its frequency is

calculated to be approximately (12 cycles/signal cycle) x (5 signal
cyeles/second) or 60 hertz.

The ratio of the noise level to the signal

level is only 0.068 at 0.5 hertz, but at 5 hertz it rises to 0.105, and
at 10 hertz it increases to 0.16.

Signal frequencies above 20 hertz

approach more the shape of the interference pattern than the original
input signal.

Proper filtering could have eliminated this problem.

Conclusions and Recommendations
In summary, this project demonstrates that a device can be bui.lt
which can mest the specified design criteria.

The signal converter with

the feedback loop added to the circuit produces sine waves acceptable
for testing other pneumatic hardware.
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For small perturbations the nonlinear characteristics of the
flapper nozzle do not seriously distort the input signal, and with the
feedback circuit there is almost no noticeable distortion.
According to Dr. Anderson (11), from stability considerations the
nonlinearities are not necessarily undesirable.

Further, he says that

this situation appears to be more of an analytical problem than it is
in design or development.
Several improvements can be made to increase the frequency res
ponse for more demanding service.

First, the pneumatic amplifier output

chamber size could be decreased to reduce its capacitance and, therefore,
its first order time constant, -r.

Second, the natural frequency of the

speaker driver can be increased by stiffening the diaphragm.

Also, the

weight of the flapper disk can be reduced.
Since the signal converter is a low-power device, the next stage
of the overall project, that of developing a high frequency pneumatic
power amplifier or booster, will be a challenging one.

Several power

amplifiers should be investigated, including the vortex amplifier and the
fluidic proportional amplifier.
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Figure 25&.— Open loop sine wave pattern; frequency 0.1 hertz

Figure 25b.--Closed loop sine wave pattern; frequency 0.1 hertz
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Figure 25c.--Open loop sine wave pattern; frequency 1.0 herta

Figure 25d.— Closed loop sine wave pattern; frequency 1.0 herta
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Figure 2.5a,— Open loop sine wavs pattern; frequency 10 hertz

Figure 25f.— Closed loop sine wave pattern; frequency 10 hertz
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APPENDIX A

DERIVATION OF MATHEMATICAL MODEL OF
SPEAKER DRIVER

APPENDIX A

DERIVATION 01*' MATHEMATICAL MODEL OF SPEAKER DRIVER*

The augmented first stage bondgraph of the signal converter is
shown in Figure A-l.
f -v

fl=il
E.in

1

2

d
(“

GY
♦•
m.

-i

23

1

small

Figure A-l.— Augmented bondgraph of speaker driver

E, is the input voltage signal, R is the resistance in the
in
i
speaker driver coil,
viscous damping, c

is the coil’s inductance,

is the diaphragm's

is the linear spring effect in the diaphragm, and m

is the gyrator constant.
The mathematical equations for the model’s first stage are
written for each node of the bondgraph

and, by using the constituative

relationships, the differential equations are derived for the desired
static variables.

For the "1" junction on the left side of the bondgraph,

the equation is written as

♦The derivation of all the equations in Appendix A are based on
bondgraph techniques. See Reference 5 for background and theory.
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e = e, + e
a
b
c

(A-l)

e = E.
a
xn

(A-2)

But

,

e, = R f
b
1 1

,

and

(A-3)

e = mf
c
12

(A-A)

Then equation (A-l) becomes

E. a
- R f + m_f
3.n
11
1 ;

(A-5)

9.
Since f_ =

1

, equation (A-5) becomes
m

e = -A (E
- raf )
d
R
in
1 2

(A-6)

For the ’’I" junction on the right side of the bondgraph the
equation is written as

e, - e +
d
8

+ e
cz

h

The ccnstituative relationship for e^_
-T
ej

where e

2

2

(A-7)

is

"2
dt

(A-8)

is the spring force in the diaphragm.

I2
The effort, e

°’2

has the following constituative relationship:

60

(A-9)

dt

where

is the viscous damping force in the diaphragm.

e

= R,f_

Also:

.

(A-10)

Substituting equations (A-6), (A-8) and (A-10) into equation
(A-7) yields

df2 _
dt

2 i*
f V _ + !t
9
2
■

Since

—

I2

e

c2

(A-ll)

+ - i - •E
RlI2

in

. the velocity of the diaphragm, equations (A-9)

and (A-ll) become:

dt

\
\ R,I_
v 2

I0 /
"2

„ _ L e
+-r ±-.E±R
23 ~ I0 ~Cq ' L I

2

2

,

(A-l2)

1 2

de
c2 _ _1
dt " c2 V23

*

(A-13)

In matrix notation.

x = Ax + Bu
where

,

(A-14)

6l
E
'in
u =

R,

m,

_1_

R„I
12
, and
1
°2

R I

1 2

B =
0

0

Equations (A-12) and (A-13) are linear with constant coefficients.
The LaPlace transformations of each equation yeild:

2
+ ! i ) v 23(S) - ^ e

sv23(s) . . ( i

W Z2

I2

R I
1 2

in

(A-15)

se

(s) = — v (s)
c2 23'

(A-16)

Solving equation (A~l6) for e

(s) and substituting into equation

(A-15) rearranging yields
ral°2
V23(S)

,

2

) sE. (s)
^
PinVE
-j

(A-17)

+ [ ^ I + R2 J C2S + 1 )

x23(s) = - i - v23(s)

(A-18)
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Finally,

(A-20)

2

K, / E. (s)
in/v in'
X23(S)

(A-21)

•f 2 ^ (a J s + u) )/cs3 ^
■* n
n
n

Comparing equations (A-20) and (A-21),

(A-22)

(A-23)

2

o
n

(A-24)

I2°2
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APPENDIX B

DERIVATION OF MATHEMATICAL MODEL
OF PNEUMATIC AMPLIFIER

In order to establish a compatible system of units for fluids
systems, it is convenient to consider an analogous set of electrical
units.

The product of potential difference and current gives power in

consistent units based on unit charge.

However, in a fluid medium the

two equivalent most common measurements are pressure difference and
volume flow which lead to a consistent set of units for incompressible
flow only.

As there is a loss in generality by excluding compressible

flow, it is more satisfactory to consider mass flow instead of volume
flow.

By so doing the power product does not lead to a consistent set

of units.

Both Kirshner 05) and faplin (]£) have recommended modifica

tions to the pressure difference parameter to retain consistent units
/ P2
j to replace
T&plin suggests using RT In j
\ pl
However, because the pressure difference and mass flow units

when using mass flow.
(p^ - p^).

are more easily understood, they will be adopted throughout the remainder
of this development.
/

Pneumatic Flapper Nozzle Dynamics (7) (8) (9) (10) (11)
The derivation of the relationship for the air flow through an
orifice, as illustrated in Figure B-l, is established on the following
basic equations and assumptions:
1.

The energy equation for steady flow through the chamber is:

6k
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^"in 'f * ^Ln * d“l(Ul +

+ KE1 + PEX )

” ^ 1 2 (U12 + P12V12 + ^ 1 2 + ^
If

= ^

(B-1“1)

AS = 0
d(u + pv) = dh
KE^, P E ^ a n d PE^,., are negligible
dm^ = dm^
^w

in

KE
2

= <£ q
=0
in
Vi o2

= J£2sc

dh = c dT
P
Then

^

c

(B.l-2)

- °p(Tl * V

A

12

m!2

P,

2

Figure B-l.— Air flow through an orifice
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2,

Assuming that the air behaves as a perfect gas, then:

-EL- -■ p t
9

(B.l-3)

Also,

c
P

c
R and ~Pc
v

c

V

k

(B.1J0

Then
Rk
« ~~
p
k-1

c

3.

(3.1-5)

Air flow can be approximated by a frictionless adiabatic

process.
In a closed system

the first law of thermodynamics may be

written as

6 q = du + <fw

(B.l-6)

The mechanical work 6 w is equal to p dv.

Then;

£q = du + p dv.

Thep-v relation is the same

=

where

(B.l-7)

for an open steady flow system since

du + d(p.v) + d (KE) + d (PE) -i- <£w

(B.l-8)

= -v dp - d (KE) - d (PE) is the mechanical work for a friction-

less steady flow system (?).
The reversible process becomes

<Tq

= du -f (p-dv + v-dp)
+

-}-d (KE) + d (PE)

f - v dp - d (KE) - d (PE)]
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or
<£q = du + p-dv

( B . l- 9 )

which is the same as the closed system.
Notice, however, that for the steady flow case <£w ^ p dv as it
does in the closed system.

For an adiabatic process (<£q t= 0) the

above relationship becomes

0 = du + p-dv.

(B.l-10)

For an ideal gas:

du = c dT
v

(B.l-ll)

and

0 = c^dT + p dv

.

(B.l-12)

In order to get a p-v relation, T must be eliminated.

Tills can

be done by using the ideal-gas equation of state which gives T = p v/R
and, differentiating, dT = (p-dv -{- v-dp)/R.
Then
c
0 = “

(p-dv + v-dp) + p-dv

.

(B.l-13)

Rearranging:
/R + c \

0 = v-dp n- (~— + 1) p-dv = v-dp + \ -- -— ~ J p-dv
0 = v-dp -t
—

0 = ^2- + k ”
p
v

= v- dp + 1c p-dv

(B.l-14)
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In order to integrate the above expressions the restriction of
constant specific heats must be imposed.

Integrating yields

In constant = In p -f k In v

(B.l-15)

Taking the antilogarithm:

p v k = constant or

•- constant

(B.l-16)

Combining with equation (B.l-3) yields

p12\

k

_ T12

I

P1

(B.l-17)

~ T1

and

?12_

( p12\ 1/k

<?!

\

(B.l-18)

Equation (B.l-l?) can be rearranged as
k-1
x-

/Ei£

W

(B.l-19)

/

Ti

or

(*j£\ k _ T1 " T12
\ P1 )
4.

=

(B.l-20)

t-l

Due to the compressibility effects of gas, the mass rate of

flow, m, is examined rather than the

volume rate of flow.

For a stream!ube.

m = O VA = constant

(B.l-21)
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5.

Combining equations (B.l-2), (B.l-5), and (B.l-20),

,

( h z \ ^
■

U

j v i

i

_ vii _

(B.l-22)

**.(£)*,

Solving for

-V w f‘-

(B.l-23)

{ - i f .

6.

Combining equations (B.l-3) and (B.l-18)

(B.l-24)
^

■

V1

—
RT1

<

T

But-

Then
l/k

^■(yfe)
7.

(B.l-25)

Finally, combining equations (B.l-23) and (B.l-25) with

(B.l-21) simplifies to the final form:

■v •

_ A

f ' 2gck

J [(-/ ' U / J)

"I f / P12\?/lr

2

(B.l-26)
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In the preceding development the downstream point was located at
station 12 at the orifice.

More precisely, however, station 12 is

actually located at the vena contracta -(H).
12
___________

1
I

pi

P2
----- -- -— £>-wI
i

Figure 3-2.---Vena contracta location

The pressure at the vena contracta is p_9 .
may be assumed that p
A

v.c.

For subsonic flow it

is equal to the downstream static pressure p .

is the area at the vena contracta.

It is less than the smallest

geometric area or orifice, whose value is equivalent to C-j^A-jj> where
C t h e

discharge coefficient of the orifice.' ,.

For the pneumatic flapper amplifier

model it is then a simple

matter to define m ^ and m ^ by modifying the subscripts of equation
(B.l-26).

A12

A23

T

1

“12

Figure B-3•--Pneumatic flapper amplifier
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Thus,

•

12

= (ci2An 2 ^ i

f 2kgc

V ^ T

I (k~1 ^

[ft)

-

( ? )

* ] ] !
(2 .1-27)

and
1
k-tl *•{*\ ?
(c 23a 23)p 2
”23

V

( 2K

{T£~iTr
[ ( ? ) • ( ? ) * ]

~Z

(2.1-28)

where A

in equation (B.l-28) is a function of x„_; that is,
23
A^„ - -ftD , x
23
23 23

Linearization of Model
Due to the non-linearity of equations (B.l-27) and (B.l-28), it
is difficult to analyze them using conventional methods.

It is, there

fore, convenient to apply linear techniques in an effort to use estab
lished methods of analysis.

The present electro-pneumatic signal con

verter is intended for use only on low level signal applications and
should be a satisfactory representation of the prototype.
Referring to Figure B-3» for a constant supply pressure p^, and
a fixed area at the inlet orifice
chamber is a function of p^ only.

the mass rate of flow into the
Thus,

= f(p2 ).

The linear approximation of (B.2-1) is, then,

(B.2-1)
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(B.2-2)

“"12 = Cldp2
where
O ra
12
C = -v
1
dP

and

I D signifies that the derivative is evaluated at the reference con

ditions.

Integrating equation (B.2-2) results in the linear equation

(B.2-3)

”12 “ C lp2

For the exit end of the noasle the mass rate of air flow ra
is
23
a function of both the chamber pressure p

and the variable orifice

2
A

= f(x

).

Consequently,

in = f(p • x„„).
23
u 23
23

(B.2.4)

The linear approximation for m

dm

23

= C dp

2

2

*!- G, dx
k

is

23

(B.2-5)

where

*

c

and

2
^ ra.
22.

G4 “ d x

23

Integrating, equation (B.2-5) becomes

m „ = C p +0, x„0
23
2 2
4 23

(B.2-6)
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The change in m s s of air in the chamber is represented by the
equation for the conservation of mass.
dm
(B.2-7)

*12 “ H23 = d T

where ra is the mass of air occupying the chamber at a given instant of
c
time.
For a perfect gas,

.Us.

„
c
where V

c

(B.2-8)

RT2

is the nozzle chamber volume.

Then the differential equation

becomes
f i . P dp2
dt
3 ^

(B.2-9)

where

p — ~9L.
u3 ~ HT2

*

Substituting equations (B.2-3), (B.2-6), and (B.2-8) into (B.2-7)
and rearranging terras yields
dp2

~ (C1
VV1 " C2^P2
" 2 ^ 2 " °4X'
^ “23

°~
"
'3 dt

(B.2-10)

Taking the Laplace transform of (B.2-10) and rearranging terms,

p

(s)

x

-

•fcs + 1
where

K
psi/in

C1 - C2

As)

23'

(B.2-11)

and

•r

„

3_

C2 ‘ C1

APPENDIX C

TRIANGULAR AND SQUARE RESPONSE CURVES

APPENDIX C

TRIANGULAR AND SQUARE RESPONSE CURVES

Included in this appendix are triangular and square wave
response curves for the electro-pneumatic signal converter.
These curves show both the open and closed loop responses at
1.0, 5*0 and 10.0 hertz.
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7?

Figure C-la.— Open loop triangular wave pattern; frequency 1.0 hertz

Figure C-lb.~Closed loop triangular wave pattern; frequency 1.0 hertz
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Figure C~lc.— Open loop triangular wave pattern; frequency 5«0 hertz

Figure C~la.— Closed loop triangular wave pattern; frequency 5.0 hertz.
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Figure C-le.— -Open loop triangular wave pattern; frequency 10.0 hertz

Figure C~lf.— Closed loop triangular wave pattern; frequency 10.0 hertz
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Figure C-lg.~Open loop square wave pattern; frequency 1.0 hertz

Figure C-lh.— Closed loop square wave pattern; frequency 1.0 hertz
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Figure C-lj.— Closed loop square wave pattern; frequency 5*0 hertz
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Figure C-lk.— Open loop square wave pattern; frequency 10.0 hertz

Figure C-ll.— Closed loop square wave pattern; frequency 10.0 hertz
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THE DESIGN AND ANALYSIS OF AN ELECTRO-PNEUMATIC
SIGNAL CONVERTER

Richard K. Thornton
Department of Mechanical Engineering
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ABSTRACT
The purpose of this project is to design and build an electropneumatic signal converter which will transform sinusoidal electrical
signals into pneumatic ones for the purpose of analyzing air-powered
devices using frequency response techniques,
A mathematical model is formulated and used to analyze the per
formance of the device. Tests are run to determine the static, and
dynamic characteristics of both the model and the prototype. Frequency
response and root locus methods are used to analyze the system.
The results demonstrate the device does meet the design criteria
established for the project.
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