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ABSTRACT

Pressure transducers are used to provide flight performance and tunnel conditions

information during wind tunnel testing. All pressure transducers used during testing must

have calibrations traceable to the National Institute of Standards and Technology (NIST);

therefore, calibration is required on a scheduled basis for every pressure transducer used in

the process of testing flight vehicles at Arnold Engineering Development Center (AEDC).

To meet stringent data accuracy requirements, most transducers are calibrated on a daily

basis: a time consuming process for the three thousand pressure transducers in use at the

facility. These transducers are usually differential devices because they are easier to

calibrate than absolute pressure transducers.

Initially, pressure calibration devices were very accurate portable air dead weight

testers that had to be transported to the transducers under test. To eliminate this time

consuming requirement, transducers were connected pneumatically to a differential

pressure controller over lengthy pressure lines. Unfortunately, the pressure controller

required over twenty minutes to set a stable output pressure due to the large volume of

the pressure lines. The development of a differential pressure controller which substantially

reduces the time needed to set calibration pressures, but maintains high accuracy and

stability, is presented in this thesis.

The pressure controller accepts pressure commands in the range of +/- 15 pounds

per square inch differential (PSID). A flapper-nozzle pressure servovalve provides stability

to approximately +/-0.0015 PSID and can charge a 20 cubic inch volume to 12 +/- Q.Ql

PSID in approximately five seconds. The output pressure is controlled to better than +/-

0.002 PSID by using a diflFerential pressure working standard to provide the calibration

manifold feedback pressure. The pressure controller uses a proportional plus integral

m



control algorithm that is satisfactory for volumes from five cubic inches to six thousand

cubic inches.

The device has features and display options that are activated by a single switch

making operation relatively simple. Routines to display the leak rate, zero the feedback

transducer and calibrate the feedback transducer are included in the embedded program

residing in memory on a SID BUS CPU card. All calculated control and display constants

are stored in battery-backed memory. The controller is composed of two chassis

connected by a multi-conductor cable. Separation of the electrical control chassis and the

pneumatic control chassis allow the pressure source to be located near the pressure

calibration manifold while the commands are issued by an operator in the wind tunnel

control room. The pressure controller was evaluated in a laboratory setting, but it has been

used on a daily basis in a transonic wind tunnel for over a year without failure.
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CHAPTER 1

INTRODUCTION

Statement of the Problem

Pressure transducers use a variety of sensing elements to measure the force caused

by a gas or liquid on a known area. Transducers are usually connected by a short tube to

the area where the measurement is required. Different sensing elements are used to

measure the applied pressure. Pressure transducers use flexible metal elements,

manometers, strain gages bonded to a diaphragm and other electrical pickups to sense

pressure. Pressure transducers emplojdng bonded strain gages are the most commonly

used at Arnold Engineering Development Center (AEDC). These transducers are durable

and their accuracy is not significantly affected by temperature or vibration conditions

encountered in transonic wind tunnels. The analog voltage signal output is amplified by

circuitry inside the transducer housing or by an external amplifier. This signal is normally

input to a multi-channel data system.

Pressure transducers are used to provide static or dynamic flight performance and

test conditions information during wind tunnel testing. Measurements made at pressure

orifices in the wind tunnel are used to calculate mach number or determine tunnel flow

quality. Measurements made on a test article are used to calculate lift, drag and other

flight vehicle performance data. The output characteristics of each pressure transducer

used in the process of testing flight vehicles at AEDC must be measured. This is

accomplished by applying known pressures to each transducer with a differential pressure

controller and recording its output. This data is then reduced to obtain calibration

coefficients for a first or second order curve fit for pressures over the expected input

range. Due to stringent accuracy requirements, calibrations are performed on a daily basis



for every pressure transducer used in the facility. Much of the time required preparing for

a test in a wind tunnel is spent performing pressure transducer calibrations and ensuring

the integrity of pressure calibration, reference and other pneumatic tubing.

All test article and facility pressure transducers are pneumatically connected to a

single calibration source. This simplifies the process of calibrations because the process

can be performed from a single location. Unfortunately, it is difficult to set a precise

pressure on a long pressure line. Also, many pressure transducers share the same

calibration line to reduce the number of calibrations to be performed. This increases the

volume that the pressure source must charge or evacuate.

The original pressure source was a manufacturer supplied differential controller

that required over twenty minutes to set -12 PSID with a volume of six thousand cubic

inches. The time required to perform all required calibrations with this device was

approximately two hours. All pressure controllers having acceptable accuracy available

from manufacturers would set the pressures no faster. They were designed to be portable

or to be set up in a laboratory environment. In such installations supply rates are not

extremely important because pressure lines are usually short. Features and instrument

interfaces are stressed in their design. Also, these instruments must be periodically

removed from service for calibration and additional units would have to be purchased as

spares. The need for high flow rates was the determining factor in the decision to fabricate

a pressure controller on site.

To reduce this calibration time a differential pressure controller was designed using

a high flow rate pressure servovalve. This pressure calibration device is traceable to the

National Institute of Standards and Technology (NIST). Its deviation about the setpoint is

+/- 0.0015 PSID or better and its accuracy is +/- 0.002 PSID at fiill scale output. It

provides manual as well as computer interfaces and its operation is straightforward. The



pressure controller can evacuate a volume of six thousand cubic inches to a stable pressure

of -12 PSID in approximately seven minutes and the total calibration time has been

reduced from two hours to less than forty five minutes.

Pressure Calibration Description

Most pressure transducers used during testing are differential devices that can be

calibrated in place. In transonic wind tunnels the pressures encountered by test articles are

usually in the range from 2 pounds per square inch absolute (PSIA) to 25 PSIA.

Transducers having a usable input range of +/-15 pounds per square inch differential

(PSID) are used most frequently because when referenced to atmosphere, locally 14.2

PSIA on average, the device covers the entire input pressure range. At times, transducers

are referenced to a standard tunnel pressure such as tunnel static pressure or tunnel total

pressure. Typical pressure ranges for these transducers are +/-5 PSID and +/-2.5 PSID.

Since accuracy is normally expressed as a percent of full scale pressure, smaller range

transducers measure low pressures most accurately.

The calibration procedure for all differential pressure transducers is the same. This

process is presented in Figure 1.1. The transducer pressure port is maintained at

atmospheric pressure while the reference is evacuated to a pressure at the upper limit of its

expected range. The supply is then shut off by closing a valve. The leak rate is monitored

by the operator. If a leak greater than specified in the calibration instruction is present, the

line is pressurized for troubleshooting purposes and leak check spray is applied to all

pressure joints and couplings. After all detectable leaks are repaired, the reference line is

evacuated using the pressure controller. A positive pressure is then indicated because the

reference is at a lower pressure than the pressure orifice. Data is obtained from the

transducer under test for the positive pressure. The pressure controller is then used to
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output several more pressures over the expected pressure range of the transducer in order

to represent the calibration using a polynomial least squares curve fit.

All pressure media are elevation sensitive. Correction is not required when the

working standard and the transducer under test are at the same altitude. In a wind tunnel

environment the working standard, the test peculiar transducers and the facility

transducers cannot be easily installed at the turmel centerline altitude; therefore, the

calibration pressure must be arithmetically corrected to the turmel centerline pressure [1].

The reference pressure must also be maintained at or corrected to turmel centerline

pressure during calibrations. These corrections are most easily made in the turmel data

system; therefore, the differential pressure controller does not have provisions for

elevation correction.

A typical installation could have hundreds of differential transducers mounted in a

test article. The reference port of each transducer would be cormected to the test article

calibration manifold. The pressure port of each transducer would be connected to a

pressure tap located on the model. During tunnel non-operational periods, the pressure

taps would be at the tunnel centerline atmospheric pressure and a calibration pressure

would be applied to the calibration manifold. The working standard transducer data would

then be corrected to the tunnel centerline altitude when performing the calibration curve

fit. The working standard pressure transducer has a range of +/- 17.5 PSID and has

calibrations traceable to NIST.

The calibration process is similar for calibrating absolute pressure transducers and

is shown in Figure 1.2. The main difference between the two processes is that the input

pressure port must be switched fi"om measuring the pressure of interest to measuring the

calibration source, so one additional valve is required for each transducer.
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Pressure System Pneumatic Description

Pressure transducers are located over a very large area in most wind tunnels at

AEDC. Physical constraints force the wind tunnel compressors to be a substantial distance

from the test section. Since it requires less time to perform the daily calibrations from a

central location, a calibration manifold was installed several years ago. This calibration

manifold connects all facility transducers and the test article transducers to the calibration

console.

The pressure lines that connect these devices to the main calibration manifold are

3/4" diameter tubing. By using a large diameter, one can be more certain that the pressure

at each end of the tube is the same. It takes less time for the gas to equalize in a large

diameter tube than a small tube because pressure lag time is inversely proportional to the

diameter of the tube [2].

The pressure lines that connect the compressor inlet pressure transducer and the

compressor exit pressure transducer to the calibration manifold can be several hundred

feet in length. These transducers are located close to the orifice at the compressor to

maintain the frequency response. Each transducer is connected to the calibration manifold

by a separate pressure line so each line can be isolated for troubleshooting.

Seven facility monitoring pressure transducers are connected to the main

calibration manifold with 3/4" tubing. The total volume for the seven transducers is

estimated at 6000 cubic inches. It required over twenty minutes to evacuate this volume to

a stable pressure of -12 PSID using the previous pressure controller. Up to two hours

might be needed to complete daily calibrations and checks depending on the complexity of

test peculiar pressure measuring requirements. Further investigations showed that newer

model pressure controllers could not supply adequate amounts of gas to reduce the time

for calibrations. Typical supply rates of two liters per minute would require over 90



minutes to fill the volume of the pressure lines and several more minutes for the pressure

to stabilize to within the required 0.002 PSI.

Pressure Controller Requirements

A differential pressure controller was needed to alleviate the problems associated

with the performance of pressure calibrations fi"om a central location in a large transonic

wind tunnel. This thesis describes the design of a differential pressure controller that

performs calibrations on a variety of transducers and has high gas supply rates together

with excellent stability and accuracy. These qualities were designed in the pressure

controller as well as many features beneficial to the calibration process.

The pressure controller consists of two parts. The electrical control chassis accepts

operator inputs and generates control signals. The pneumatic control chassis outputs the

commanded pressure. Separation of the two chassis is required so that the pneumatic

control chassis can be located near the main calibration manifold and the electrical control

chassis can be conveniently placed in a control room. The operation of the pressure

controller is not affected if the two chassis are placed several hundred feet apart. A single

multi-conductor cable is the only connection between the two chassis. All valve control

lines from the electrical control chassis are electrically isolated from the pneumatic control

chassis to prevent the occurrence of ground loops and noise. The pressure controller

accepts commands fi-om -15 PSID to +15 PSID. Since the output pressure caimot exceed

the range of the servovalve, the normal output range is -13 PSID to +15 PSID when

atmospheric pressure is the selected reference pressure.

A required output range of 1 PSIA to 30 PSIA to calibrate the pressure

transducers used during testing was needed. Pressures below atmosphere are set using a

vacuum pump connected to the pressure servovalve. Similarly, pressures above



atmosphere are set using a regulated pressure source connected to the pressure

servovalve. Also, the pressure source was required to have high gas supply rates as well as

fine resolution. A flapper-nozzle pressure servovalve controlled with a constant current

closed loop feedback system is used to meet these requirements. The pressure servovalve

supplies up to 85 standard cubic feet of gas per hour and has a pressure output resolution

of approximately 0.0002 PSID. The pressure servovalve is located in the pneumatic

control chassis shown in Figure 1.3.

The digital output of a working standard having a usable input range of +/- 17.5

PSID was connected to the electrical control chassis. This interface to a working standard

differential pressure transducer was needed to meet the accuracy requirements. This

device is used as the feedback transducer when performing calibrations, but a high quality

analog transducer was also installed in the pneumatic control chassis for times when the

working standard is not connected. The analog transducer was not classified as a working

standard since this would require the pressure controller to be removed from service

periodically for certification.

The ability to control pressures using an additional analog feedback source is

included as a feature of the pressure controller. A second analog transducer and pressure

servovalve are located near the test article. They are used to set calibration pressures on

electrically scanned pressure modules, ESPs, located inside the test article. These modules

contain 32 to 64 differential pressure transducers in a package eight cubic inches or

smaller. Data from each transducer on a module are multiplexed over one signal line

connected to the ESP data system. Up to 64 ESPs may be located inside a test article.

This feature enables the ESPs to be calibrated quickly since the test article ESP

calibration manifold has short fill and settle times. ESPs are calibrated while the facility is

in operation; therefore, the savings of several hours during the course of a test saves many
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thousands of dollars in energy costs alone. This feature minimizes the time required to

perform on-line ESP calibrations. The pressure controller provides a means of remote

control from a computer controlling the ESPs seen in Figure 1.3.

Thesis Description and Organization

This thesis will describe the design, development and checkout of the differential

pressure controller used for calibrations and daily checks in the transonic wind tunnels at

the AEDC. The development of the pressure controller is discussed in the following

chapters. The device features along with its input and output structure is presented in

Chapter 2. Chapter 3 discusses the system design and the methods employed to provide

hardware that meets the objectives of the project. Chapter 4 discusses the operation and

characteristics of the pressure control valve. Chapter 5 gives an overview of the embedded

control program and flowcharts detailing control processes. Chapter 6 describes the

system checkout and its operation following installation. Chapter 7 gives a summary of the

final product and presents recommendations for future improvements.

11



CHAPTER 2

PRESSURE CONTROLLER FUNCTIONS

Introduction

The pressure controller was designed using STD BUS design practices for all input

and output. Two special function STD BUS cards were designed and they were fabricated

using low cost utility decoded input/output cards. These cards were wire wrapped for the

initial unit, but will be fabricated from printed circuit cards for future production pressure

controllers. A development system was available for generating 8085 CPU [3] executable

code. This processor has been available for many years and has proven to be very reliable

and is powerful enough to implement all necessary instrument functions.

The pressure controller was designed to be compatible with existing systems in the

AEDC wind tunnels. Also, it was designed to be easy to operate with little possibility of

damaging any pressure transducer being calibrated. Several useful operating modes were

included in this design to aid in pressure transducer calibrations. Finally, the pressure

controller was designed to set pressures quickly and accurately.

Electrical Control Chassis Functions

The front panel and rear panel layout of the electrical control chassis are shown in

Figure 2.1 and Figure 2.2. There are two numeric displays on the front panel (pressure

request and function display) updated approximately 3 times per second. Each display is

composed of five seven segment LED display modules and one +/- LED display module.

The resolution of each display is 0.001 PSID or 0.1 PSFD depending on the selected units.

12
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The pressure request display is used primarily to display the desired calibration pressure

and is controlled by the sixteen button keypad on the front panel.

The 16 button keypad is used to input pressure or voltage requests when operating

in the manual mode. The keypad is a 4 X 4 matrix switch from which eight signal lines are

output to a decoder located on a utility decoded input/output card. When a button is

pressed, a binary code representing the button position is available to the CPU.

Approximately six inputs can be read per second. In addition to the numbers 0 through 9,

the following buttons are located on the keypad;

Toggle Sign changes the sign of the requested pressure display between
positive (+) and negative (-).

Clear Displav resets the pressure request display to zero. The units and sign
are not affected.

Enter Command initiates the setting of the current pressure request value.

The enter button is also pressed to initiate the analog transducer zero and
the analog transducer calibrate functions.

Toggle Units changes the units of pressure between PSID and PSFD. An
LED indicates the units selected and the decimal point changes

accordingly.

Increment Pressure Positive increments the value on the pressure request display.
The displayed pressure is automatically requested after the button is pressed.

Increment Pressure Negative decrements the value on the pressure request display.

If a pressure of+10.000 PSID were required, the sign and units would be set then

the buttons 1_0_0_0_ENT would be pressed. This sequence displays and requests a

pressure of+10.000 PSID. Pressing numeric buttons does not affect the least significant

15



digit. The instrument was programmed in this manner because calibration pressures are

normally set at regular intervals. However, if a pressure of 9.995 PSED were required, the

increment pressure negative button could be pressed 5 times after +10.000 PSID was set.

Since a new pressure is requested every time an increment button is pushed, the pressure

controller would set a pressure of +9.995 PSED with no further commands. The pressure

controller would eventually reach the full scale negative pressure if the increment negative

button were pushed repeatedly because the increment buttons support the arithmetic carry

feature. The increment pressure buttons are usefial in setting precise pressures when

monitoring a working standard that is not electrically connected to the pressure controller

Although the function display will continue to display pressure until the A/D is

saturated (approximately -15.300 PSED or +15.300 PSED) the maximum pressure that can

be requested is +/-15.100 PSI or +/- 2175.0 PSF. If a pressure greater than either of these

numbers is requested, the pressure request display automatically limits the display to avoid

unrealistic commands. The software also limits the most significant digit to 1 or 2

(depending on the selected units) as an added feature.

The CLR button can be pressed to blank the display before entering a new

pressure, but it is not necessary to do this since the instrument automatically shifts the

digits on the display to the left as new numbers are input. It should also be noted that the

least significant digit returns to zero when any digit on the keypad (0 through 9) is pressed

and the new entry is shown on the second digit.

The function display is used primarily to display the actual pressure. Six different

function displays were designed into the pressure controller. They are:

Pressure displays the current pressure reading of the selected feedback
transducer in PSID or PSFD.
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Feedback transducer leak rate calculates and displays the leak rate of the

calibration line once every ten seconds. The selected feedback transducer is
used to determine the displayed leak rate.

Analog transducer zero displays the current reading of the selected analog
transducer. The operator can press the enter button if the offset is
unacceptable. The offset voltage read after the button was pushed is used
to correct the pressure display for subsequent calculations. The zero offset
for each analog transducer is retained when power is lost. This function
should be completed before performing the analog transducer calibrate
function.

Analog transducer calibration performs a calibration of the selected analog
feedback transducer and stores the new calibration constants. The

calibration is performed as recommended by the manufacturer at 80% of
full scale (+12 PSID and -12 PSID). The working standard is used to

calculate the correction constant that is used in adjusting the scale factors.

If the analog transducer disagrees with the standard by more than 0.75

PSDD the calibration process is terminated and no new scale factors are

calculated.

Analog transducer voltage displays the uncorrected reading of the selected

analog transducer with a resolution of one millivolt (1 mV).

Control voltage displays the control voltage with a resolution of 1 mV on

the pressure request display. This voltage is input to a voltage to current
converter and directed to the pneumatic control chassis. The pressure

generated by the control current to the pressure control valve is read by the
feedback transducer and shown on the function display. The value of the

control voltage is entered using the 16 button keypad.
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Pneumatic Control Chassis Functions

The rear panel layout of the pneumatic control chassis is shown in Figure 2.3. The

front panel of the pneumatic control chassis contains only a pressure gauge and an output

fitting. The pneumatic layout of the pressure controller is shown in Figure 2.4. There are

five large orifice solenoid valves installed in the pneumatic control chassis in addition to a

pressure gauge, an analog feedback transducer and a pressure control valve. All valves

used in the pneumatic control chassis are large orifice valves to maximize the speed at

which pressures can be set. The pressure gauge is not intended for calibrations; it is only

used to provide a local readout if the electrical control chassis is not nearby.

Four toggle switches on the electrical control chassis actuate the solenoid valves in

the pneumatic control chassis. These switches are active only when the manual/remote

toggle switch is in the manual position. The valve selection is input to an optically isolated

solenoid drive circuit on a utility decoded input/output card. The switches are inactive

when the remote mode of operation is selected because the information for the valve

position is then input from the remote input control word. The state of the valves does not

change when the remote mode is selected. The position of the valves is maintained until a

new valve control word is transmitted to the remote parallel input. The five valves in the

pneumatic control chassis are:

Load Pressure / Unload Pressure loads the calibration manifold with the

requested pressure or blocks the output. This valve connects the pressure
manifold to the atmospheric manifold when power is off. It is used to vent
pressure from the calibration manifold in the event of unsafe conditions.

Analog transducer vent applies the reference manifold pressure to both

ports on the local analog transducer and to the calibration manifold. When
the vent valve is energized, the leak-check valve is also energized to
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prevent gas from entering the calibration line through the pressure control
valve. The calibration manifold is vented to obtain a zero reading in

calibrations.

Vacuum energizes the vacuum load valve. Setting pressures very close to 0
PSIA cannot be done with a pressure control valve due to leakage in the

pressure control valve. When the vacuum valve is energized, the leak check
valve is also energized to prevent gas from entering the calibration
manifold through the pressure control valve.

Reference Select connects either the atmospheric reference pressure or an

alternate pressure reference for the local analog transducer. The pressure
controller always maintains a constant pressure above or below the selected
reference pressure.

Leak Check is placed in the off position to load a pressure. When the leak-
check valve is energized, any transducer on the calibration manifold may be

monitored for leaks. The calibration manifold is leak checked prior to

performing any transducer calibrations.

Control Feedback Devices

The arrangement and selection of the control feedback devices is illustrated in

Figure 2.5. This figure shows the selection between analog transducer and working

standard transducer feedback control. Also, it shows the selection between the analog

transducer located in the pneumatic control chassis and the analog transducer located in

the ESP calibration system. The feedback control mode is selected by stvitches on the

electrical control chassis. These switches not only direct the input voltage to the electrical

control chassis, but they direct the control current output to the pressure control valves. A

stable system can be more easily obtained by placing the feedback transducer in close

proximity to the pressure control valve because pressure lag effects are reduced.
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The ESP system pressure control valve and analog feedback transducer are not

usually located in the same area as the pneumatic control chassis. They are located

together near the test article to minimize the time required for the calibration pressures to

settle. The ESP system and the pneumatic control chassis are cormected by a six

conductor cable having three shielded, twisted pairs of wires. The transducer power, the

feedback signal and the control current setpoint enter the pneumatic control chassis

through a seven pin connector on the rear panel. Operation of the solenoid valves will

have no effect on the controlled pressure when the ESP analog transducer is used for

feedback. The ESP system incorporates all the necessary valves to vent, leak check,

change references, load and unload the ESP calibration manifold; therefore, it was not

necessary to implement these functions in the pressure controller.

Remote Interface Functions

The remote interface is a 16 bit TTL compatible parallel input that can be used to

control the output pressure from an external device such as a programmed I/O interface

card or a bank of switches. Any front panel command may be requested over the parallel

interface except increment pressure positive or increment pressure negative. Since the

least significant digit is not available on the parallel interface, it is set to zero following any

pressure request made using the remote interface. A pressure request or a control status

request can be made from an external device only if the manual/remote switch is set to

remote. The format for pressure request is shown in Figure 2.6a.

The pressure request signal is a TTL active low bit from the host computer or

remote control panel. This bit must be held low for a minimum of 200 milliseconds (mS)

to ensure that the pressure request is read by the CPU because the loop time of the
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MSB LSB

16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

L
BIT NUMBER

BCD 10

BCD 20

BCD 40

BCD 80

BCD 100

BCD 200

BCD 400

BCD 800

BCD IK

BCD2K

BCD4K

BCD8K

BCD lOK

BCD20K

REQUEST (ACTIVE LOW)

SIGN (NEGATIVE TRUE)

(a) Pressure Request

MSB LSB

16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 BIT NUMBER

P^SFL— PST/1
STANDARD/ANALOG CONTROL

VENT

LEAK CHECK

LOAD/UNLOAD PRESSURE

ANALOG #2/ANALOG #1 SELECT

ALTERNATE/ATMOSPHERE REF.

VACUUM

NOT USED

NOT USED

NOT USED

NOT USED

TTLHIGH

TTLHIGH

FUNCTION REQUEST (ACTIVE LOW)

NOT USED

(b) Control Status

Figure 2.6. Remote Interface Control Word Format
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instrument is approximately 160 mS. The host computer system contains an I/O card that

has been programmed to hold the pressure request bit to a TIL low level for 500 mS.

The format for the control status input is also shown in Figure 2.6b. All the valves

can be actuated, the feedback devices can be selected and the units can be selected using

the remote interface. The difference between pressure and control status request is that

bits thirteen and fourteen are set to a TTL high for a status request. Although both bits are

used for pressure requests, a pressure exceeding 30 PSID or 3000 PSFD would be

requested if both signals were high. These pressures are out of the control range of the

instrument. When both bits are high, a simple routine that controls the LEDS, valves, units

and feedback device is processed immediately.

The length of time the pressure request signal must be held low could easily be

reduced by connecting it to one of the available interrupts. If this were done the CPU

would be instructed to control pressure to a different setpoint or change the control status

executing the same subroutine that is currently used. After performing the necessary

instructions, the instrument would return to its normal operating mode. Currently, all

interrupts to the CPU are disabled, but provisions have been made to connect the request

signal to an interrupt if future systems require the change.

Input/Output Structure

All of the input and output (I/O) to the 8085 processor is made using the STD

BUS protocol. Up to 256 input ports and 256 output ports can be configured in a STD

BUS system. Data are input to the main processor by addressing an input port during the

execution of a simple assembly language program. Data are output to peripheral devices

by addressing one of the available output ports during the execution of an assembly coded

program. A block diagram showing all inputs and outputs is shown in Figure 2.7.
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The signals from the analog feedback transducers are multiplexed and input to a 16

bit analog to digital converter (A/D converter). The A/D output is input to the processor

in a two's complement format consisting of two eight bit bytes. Each byte occupies an

input port. The signal from the differential working standard is a five and one half digit

binary coded decimal (BCD) number with sign. A total of twenty one bits are required to

read the pressure to the full resolution of the instrument with an additional bit for the sign.

The differential working standard requires a total of three input ports.

Commands from the host computer are input to the local processor in a sixteen bit

format requiring two input ports. The display mode select switch requires only six bits;

therefore, two unused bits are present on its input port. The signals from the vacuum,

reference select, analog transducer select, load/unload, leak check, vent, analog/working

standard control feedback and manual/remote control switches require eight bits and are

connected to one input port. The status bit from the A/D converter and the five input bits

from the keypad decoder are connected to another input port. A signal from a stvitch on

the front panel of the electrical control chassis is also input on this port to indicate the

expected volume.

The pressure control word is output in a sixteen bit offset binary format which

occupies two output ports. This data is input to a sixteen bit digital to analog (D/A)

converter. The resulting voltage is converted to a constant current and switched to the

selected pressure control valve using a relay. Seven of the eight bits that are input as the

status and valve position indicators are output to drive the light emitting diodes (LED's)

on the front panel of the electrical control chassis and the valves and relay in the

pneumatic control chassis. The PSI/PSF bit replaces the manual/remote signal to make a

total of eight bits used on the output port. Five of these signals are sent to the pneumatic

control chassis to actuate the solenoid valves.
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The pressure request and the mode select display are both five digit plus sign BCD

LED displays. The decimal position changes as the requested units of pressure change.

The resolution of the each display is 0.001 PSID or 0.1 PSFD. A total of eighteen bits are

required to display the full range of the instrument (+/- 2175.0 PSFD or +/- 15.100 PSID).

Three additional bits are needed to indicate the sign and decimal position.
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CHAPTERS

HARDWARE DESCRIPTION

Introduction

In order for the pressure controller to provide all necessary features, the

instrument was designed as a microprocessor-based system. Since the frequency response

of pressure systems is relatively low, an eight bit microprocessor is sufficient for all

operations. The SID BUS interface was chosen because of the availability, reliability and

variety of controller and input/output boards.

Processor Card

The processor card that was chosen has an 8085A CPU operating at a frequency

of 6.25 MHz. The 8085A CPU is an industry standard 8-bit microprocessor. The CPU has

five interrupt inputs. The three maskable interrupts are accessed by a connector on the

front edge of the card. The non-maskable interrupt, PBRESET, and the low priority INTR

each have a designated pin on the STD BUS connector. A second connector on the card

edge allows for user access to the serial input and output ports of the 8085A.

The 8085A can access 64K bytes of system memory. The purchased CPU contains

sockets for 32K byte storage capability. The on-board memory devices installed in the

four 28 pin sockets on the card may be 8K by 8 bit random access memory, RAM, or read

only memory, ROM, devices. On-board jumpers are used to determine what type of

memory device occupies each socket. The memory can be either in the lower 32K byte or

the upper 32K byte region that can be addressed by the 8085A CPU. Also, the 8085A

CPU can output data to any of 256 eight bit output ports and access data from up to 256
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eight bit input ports. The card needs only 5 VDC power for operation and automatically

executes the embedded control program upon power up. This card has two layers and

conforms to all STD BUS specifications in size and construction [4].

Input/Output Cards

Input/output cards are needed to read operator inputs, remote command and

feedback pressure. They are also needed to output data to the local displays, control

solenoid valves and to operate the pressure control valves. Four I/O cards perform the

instrument functions. Two of the cards have four 8-bit input ports and four 8-bit output

ports. These ports occupy four consecutive I/O addresses and can be remapped in

increments of four over the fiill I/O address range. The other two are utility I/O cards

having over 17 square inches of wire wrapping area. The utility I/O cards have input and

output port strobe logic as well as all the necessary STD BUS buffering and decoding

logic. These cards have I/O capability that occupies eight consecutive I/O addresses and

can be remapped in increments of eight.

Each input/output card reads four 8-bit TTL buffered inputs. The input port is read

by a non-inverting, tri-state octal buffer. Each bit is conditioned by a Schmitt trigger that

provides 200 mV of hysteresis in order to reduce noise. Also, each input bit is connected

to a 4.7K Ohm pull-up resistor. The pull-up resistor ensures that the input goes to a valid

TTL level when the input line is open and reduces noise as well.

Each card also has four 8-bit latched outputs. The output bits are non-inverting

and can drive 20 LSTTL loads or 5 TTL loads [5]. Upon power up or PBRESET, the

output bits are simultaneously set to the TTL low (logic 0) state. This sets all valves to

their power-off state and sets a 0 mA control current.
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Pressure Transducers

Three pressure transducers are available for use as the feedback device. One

switch selects between two analog feedback transducers. A second switch enables the user

to select the working standard as the feedback device instead of an analog transducer. The

analog transducer located in the pneumatic control chassis is referred as the local

transducer. The second analog transducer is referred to as the ESP transducer.

The analog transducers use a variable capacitor to detect changes in pressure. This

sensor is fabricated in the shape of a ceramic capsule. The capsule deforms proportionally

to the pressure difference applied between the reference port and the reference pressure is

directed inside the capsule and the feedback pressure surrounds the capsule. As the input

pressure increases, gold electrodes inside the sensor move closer together changing the

capacitance. This change in capacitance is converted to a linear voltage by a charge-

balance signal conditioning circuit. The principles used during construction give negligible

common mode pressure effects up to 200 PSIG line pressure.

The transducers are compatible with all non-corrosive gases used for pressure

calibrations and can be subject to pressures of 45 PSID without significant changes in the

calibrated output. The frequency response of the transducer is approximately 20 Hz. The

combined hysteresis, non-linearity and repeatability errors are less than 0.1% of full scale

output and the output noise is less than 0.5 mV. The accuracy of the analog transducer is

specified as +/-0.05% of full scale pressure [6]. The transducer can be maintained to this

accuracy by trimming the zero and the span potentiometer located behind access holes in

the transducer housing. The construction of the sensor together with the quality of internal

components allow the transducer to reach these accuracy specifications upon power up

while providing excellent long term stability. These transducers are rugged enough to
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withstand the temperature and vibration found inside transonic wind tunnels with little

degradation of the output signal.

Both analog transducers require 22 to 30 VDC excitation and provide a high level,

-5 VDC to +5 VDC differential output for a -15 PSID to +15 PSID input pressure. The

low side of the excitation is usually grounded. The signal range normally varies from 2

VDC to 12 VDC above the low side of the power supply. Variance in the output voltage

on some transducers can range as high as 5 VDC to 15 VDC above ground. Voltages in

this range would require the receiving electronics to have higher common mode voltage

rejection capabilities, but if the signal low line is grounded and the power supply is

allowed to float, the output signal will remain in the range of -5 VDC to +5 VDC

referenced to ground.

The transducers are equivalent to four-terminal devices; therefore, both analog

transducers cannot be excited by the same power supply when the signal low side of each

is grounded. Errors in the signal output are avoided by grounding only one of the signal

low connections at a time. A four-pole double throw relay in the pneumatic control chassis

multiplexes the analog feedback signal to the A/D input circuitry. When the relay is

energized, the ESP feedback transducer is selected.

The third feedback transducer is the working standard differential pressure

transducer. Working standard feedback is enabled by selecting a switch on the electrical

control chassis. This transducer is normally used to determine calibration coeflBcients of

test peculiar transducers and to confirm the accuracy of other working standard pressure

transducers located throughout the facility.

The working standard differential pressure transducer uses a stable fused quartz

bourdon tube to sense the input pressure [7], Some of the properties of a fused quartz

bourdon tube include stability, high elasticity, low hysteresis and strength. The helix
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shaped bourdon tube is surrounded by the reference pressure as shown in Figure 3.1. In

order to measure differential pressures accurately, the reference pressure should be

maintained at a pressure less than the input pressure. The reference and the input pressure

must be externally switched with automatic switching solenoid valves to measure input

pressures lower than the normal reference pressure.

The bourdon tube unwinds while expanding as the input pressure increases. A

curved mirror welded to the end of the bourdon tube reflects the output from a high

power LED to a pair of photodiodes mounted side by side. A change in pressure deflects

the mirror causing the reflected light source to move. The photodiode signal conditioning

circuit outputs an error signal when the system is not balanced. The error is used to alter

the DC current through two force balancing coils. These coils are positioned in a field of

permanent magnets that are anchored to bourdon tube. The force generated by these coils

creates a radial force to counteract the mirror deflection. The system is in equilibrium

when the torque generated by the force balance coils is equal to the force generated by the

input pressure.

The current that maintains the system in a null position is passed through a

precision resistor. The resulting analog voltage is input to a digital voltmeter. The input

range of this signal varies from 0 volts at 0 PSID to 10.0000 volts at full scale pressure.

The digital voltmeter employs a integrating A/D converter to provide a voltage indication

approximately two and one half times a second.

This working standard differential pressure transducer has a parallel BCD output

that is input to a STD BUS TTL compatible I/O card. This digital output is then used

without adding any additional error since the digital output is not subject to zero shifts or

other problems associated with analog feedback signals. The pressure data requires three

input bytes as shown in Figure 3.1. The output of the working standard differential
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pressure transducer is scaled from 0 to 100% of full scale (FS). The full scale pressure is

2500 PSFD (100,000 counts); therefore, the resolution of the digital voltmeter is 0.025

PSFD/count (0.000174 PSID/count). The accuracy of the differential pressure working

standard is quoted as +/-(0.004% FS + 0.008% RDG). This is the working standard by

which most facility and test article transducers are calibrated.

Keypad Decoder and AID Converter Card

When in the manual mode of operation, all pressure requests are made using a

sixteen button keypad. The keypad functions as an array of single pole single throw

switches in a 4 x 4 arrangement. A special function component designed specifically for

these keypads is used to decode the active button and is located on a wire-wrapped STD

BUS utility I/O card with the A/D converter. The schematic of the keypad and decode

circuit is shown in Figure 3.2.

The device interfaced to the keypad is a MM74C922 key encoder [8]. The encoder

circuit on the chip contains pull-up resistors and can be used with switches exhibiting as

much as 50,000 Ohms (50KO) resistance. Two external capacitors are needed to enable

the device to perform as required. A 2.2 micro farad (pF) electrolytic capacitor is used to

debounce the keypad. The keypad has less than 4 mS bounce when pushed and less than

10 mS bounce when released. A 0.01 pF ceramic capacitor was used to set the rate of 5

KHz at which inputs from the keypad are scanned.

The MM74C922 has five outputs. Four tri-state outputs. A, B, C and D, are

needed to indicate which button has been pressed. Their output is continuously active by

setting the output enable (OE) pin to a low logic level. The output for the button pushed is

the binary equivalent of the button number. An additional output is required to indicate

when a button is being held down. This output is known as the data available (DAV) bit
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and goes to a TTL high level when an entry is made. The DAV output returns to a low

level when the button is released. If a second key was pressed before the first was

released, the DAV signal will return to the high level after the normal debounce period.

This enables a feature known as two key roll over to be utilized by the control program.

Data from either analog feedback transducer is electromechanically switched and

input to the signal conditioning circuit on the fi-ont end of the AID converter. The circuit

consisting of an instrument amplifier, a low pass filter and a sixteen bit A/D converter is

shown in Figure 3.3. This circuit is adjusted to accept input voltages fi"om -5.100 VDC to

5.100 VDC without saturation.

The A/D converter is input to the STD BUS by connecting the lower eight bits to

one octal tri-state buffer and the upper 8 bits to a second buffer. These signals are input to

the CPU by connecting the outputs of each buffer to a buffer supplied on the utility I/O

card and are read sequentially as inputs 8 and 9. The A/D converter is activated by reading

input 10 (OA hexadecimal). This causes the CPU to read to generate an A/D start pulse via

an address decoder chip supplied on the utility I/O card. This start signal (input OA) is

inverted before it is input to the A/D converter in order to set it to the normally off state.

Each read pulse is approximately 390 nanoseconds (nS). This time exceeds of the

minimum of 100 nS required to start the A/D converter. The A/D converter busy signal is

input to the CPU together with the keypad signals by reading input 11. The A/D converter

requires approximately 35 microseconds (pS) to complete one conversion; therefore, data

acquisition rates in excess of 28 KHz are possible with this device.

The instrument amplifier used is an AD524C [9]. It is used to condition the signal

from the selected analog feedback transducer. The signal low input is connected to power

supply ground in order to set the normal input range to -5.0 VDC to 5.0 VDC. This

device is configured as a unity gain buffer and has a DC accuracy specification of 0.02%

37



I
N
S
T
R
U
M
E
N
T

A
M
P
L
I
F
I
E
R
 G
A
I
N
=
I

+
I
N
O
-

-
I
N
o
-

5
 H
z
 B
U
T
T
E
R
W
O
R
T
H

L
O
W
P
A
S
S
 F
I
L
T
E
R

u
>

0
0

G
A
I
N

A
D
J
U
S
T

—v
Cv
i—

2
0
0

I
N
P
U
T
l

C
O
N
V
E
R
T

Z
E
R
O

A
D
J
U
S
T

I
N
P
U
T
 2

l
O
K

l
O
K

l
O
K

I
N
 O
A

A
D
C
I
1
4
0

N
.

I
N
 0
8

A
N
A
L
O
G

8
M
S
B

T
O
 D
I
G
I
T
A
L

I
N
 0
9

C
O
N
V
E
R
T
E
R

8^
L
S
B

7
4
L
S
2
4
4

B
U
F
F
E
R
 &

S
T
D
B
U
S

A
D
D
R
E
S
S

D
E
C
O
D
E
R

Fi
gu
re
 3
.3

. 
An
al
og
 T
ra
ns
du
ce
r 
In
pu
t 
Ci
rc
ui
tr
y



or better. The effects of temperature will add no distinguishable errors to the signal and

the offset voltage is less than 50 pV. The power supply used by this device and all other

analog semiconductor devices is +/-15 VDC.

The second stage of the input voltage circuit shown in Figure 3.4 is a second-order

lowpass Butterworth filter. This filter has a maximally flat amplitude response with a fairly

steep rolloff to the stop band. It reduces conversion errors by limiting the rate of change

of the signal to the A/D converter. It is a two-stage active filter using passive components

and two operational amplifiers (op-amps). The ADOP27EN op-amp [9] was chosen due

to its very low noise and low offset characteristics at a gain of one. Any offset errors

generated in this stage are nulled at the input to the A/D converter. The comer fi-equency

of this filter was set to 5 Hz. The resistor and capacitors were determined [10] is as

follows.

(o^ = (3.1)
RhRlChCl

where G) = lnf (3.2)

The capacitance of C1 and C2 was chosen to be 0.47 pF. The damping factor,

for a Butterworth response is 0.707.

0.707 = - (3.3)
2\ R1

Substituting back into equation 3.3 jdelds a value for R1 of 47.889 KQ. The

closest available metal film resistor is 47.5Kf2. R2 was chosen as a 95.3Kn. Using these

values, the fi-equency response is calculated to be 5.033 Hz nominally. Offset voltage

caused by bias current drift though R1 and R2 add negligible errors over the operating

temperature range.

By setting the frequency response of the input signal to the A/D converter to 5 Hz

one can attain high accuracy without a sample and hold circuit. Very accurate sample and
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hold devices cost a considerable amount and will add some error to the voltage

conversion, but the filtering approach is not without its shortcomings. The main deficiency

is that the A/D converter will not begin to approach its full capability of resolving dynamic

signals, but the response of a pressure line is usually well under 1 Hz. The only other

problem is that there may be a voltage change during the conversion process. The worst

case error caused be fluctuations in the input signal can be easily calculated using the

following relationships [11]. A sinusoidal signal is given by:

V = A%\xi{o)t) (3.4)

dV
The maximum value of— occurs at / = 0 and is give by

dt

dV
—(max) = (yi4cos(<y r)|(=o =

Equation 3.5 gives an approximation of the maximum rate of change for the signal

at the output of the filter. The result of equation 3.5 is 157.4 volts per second when using

a 5 Hz filter. An amplitude change of 5 volts corresponds to a full scale pressure change.

In this case the input signal would change only 5.5 mV during the 35 pS needed by the

A/D converter to complete a conversion. A more likely maximum error would be lowered

significantly due to the frequency response of the feedback transducer. If an instantaneous

pressure change of 15 PSID were present at the feedback transducer, a 5 volts change

would be seen at the input of the filter circuit in approximately 200 mS because the time

constant for a fiill scale pressure step change is estimated at 50 ms. In either case, the

resulting error would mean little because the A/D would be able to read the pressure with

a high enough accuracy for the pressure control algorithm to control the pressure to a

stable value.
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The analog pressure transducer can have several millivolts of zero offset error and

the output voltage at full scale pressure can vary as well. It was determined that the

voltage conversion system must be capable of higher adjustments than normally provided

by the A/D converter. The A/D converter is configured in the bipolar mode with the input

range from -5V to +5V. The gain potentiometer (Figure 3.3) attenuates the input signal as

resistance is increased because the circuitry internal to the ADC 1140 [12] A/D converter

acts as an adder (Figure 3.5). The A/D converter can be set to saturate at input levels fi"om

5V to 5.2V with a 200n potentiometer. The potentiometer is set at its midpoint, lOOQ,

and the A/D converter saturates at +/-5.1V, approximately +/-15.3 PSID. The data fi'om

the A/D converter is adjusted to account for this attenuation in the control program. This

allows for some variation in the analog transducer output to be easily accommodated

while using most of the resolution of the A/D converter.

The on-chip reference voltage supplied by the A/D converter is connected

externally to REF IN. This voltage is used as the internal reference for the successive

approximation circuitry in the A/D converter. The on-chip reference voltage is externally

connected to Input 3 as well. Since the supplied zero offset input is not used, it is

grounded. Input 2, which for an input fi-om -5V to +5V is normally grounded, serves as

the input for the zero offset circuit. The voltage injected at this point has one-half the

effect of the signal voltage at Input 1. Since the voltage range presented by the resistive

divider shown in Figure 3.3 is +/- 75 mV, the zero adjustment range of the A/D converter

is approximately +/- 37 mV when accounting for the source resistance of the zero circuit.

The inputs of the A/D converter can be used in several ways; therefore, the device is very

versatile and can be tailored for many special applications.
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Figure 3.5. A/D Converter Schematic
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Pressure Control Valve

Two types of pressure control valves were examined during the design process.

The flapper-nozzle servo pressure controller (pressure servovalve) was chosen over the

on/off solenoid operated pressure control valve. The on/off solenoid operated pressure

control valve requires complex pulse width modulation to meter a precise volume of gas

into the calibration manifold, but the pressure servovalve requires only simple proportional

control (DC current). Additionally, the pressure servovalve continuously supplies gas to

the calibration manifold. This constantly corrects for changes in volume or temperature.

One shortcoming of the pressure servovalve is the requirement of a continuous supply of

gas. This is not a problem when the control range is relatively low (pressures less than 30

PSIA) and a continuous supply of filtered house air is easily obtained. Pressure

servovalves have been used in the AEDC wind tunnel facilities for over ten years without

a failure. This was the deciding factor in the selection process. Details of the pressure

servovalve will be discussed in Chapter 4.

Valve Control and D/A Converter Card

All the necessary components for digital to analog conversion, voltage to current

conversion, valve and status indicator control were incorporated on one STD BUS utility

I/O card. The voltage to current (E/I) converter is required to set the position of the

flapper in the pressure servovalve. The control voltage is calculated by the pressure

control routine in the main control program. Since the instrument was required to set and

maintain pressures to very stable set points, a sixteen bit digital to analog (D/A) converter

was used to provide a signal with high resolution to the E/I converter.
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A D/A converter with an output voltage range from -10 volts to +10 volts was

needed to control the E/I converter. User adjustment for offset and gain errors was also

necessary on the device. The overall accuracy needed was 0.05% of reading or better with

a settling time of lOpS or less. An Analog Devices ADDAC71-C0B-V [12] was chosen

to interface to the microprocessor and met the analog requirements. The pressure control

word is calculated in the main program and is in a 16 bit two's complement format. The

control word is converted to a complementary offset binary format and output to the D/A

converter by writing to outputs 9 (LSB) and 10 (MSB). The bytes are held at this level by

the octal latches until a new control word is output. All output ports are loaded with zeros

if power is lost or the CPU is reset. This adds some degree of safety to the system since

this will set 0 volts on the output of the D/A converter and the resulting pressure will be

less than 5 PSED.

The output of the D/A converter is input to the E/I converter shown in Figure 3.6.

The circuit is designed to provide a constant current through the pressure servovalve coil

and the pressure servovalve will maintain a very stable pressure if the control current does

not change. Design considerations of this circuit are presented in Chapter 4. Constant

current operation is important because large input currents will cause the temperature and

resistance of the coil to increase. It may take several minutes for the temperature of the

coil to stabilize following a large change in commanded current.

Seven of the toggle switches located on the electrical control chassis are connected

to the same STD BUS utility I/O card containing the D/A converter. Two of the switches

control the selected feedback transducer and the final switch selects the manual or remote

mode of operation. The switch selection is input to a circuit (Figure 3.7) which selects

either the information from the switches or from the STD BUS output. The signals from

the switches are disabled when the remote mode of operation is selected because the
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information for the valve position is input from the remote parallel input. Only the

PSI/PSF bit is obtained from the STD BUS interface in either case. This is because the

displayed units are program determined after a button is pressed on the keypad.

The output of the multiplexing circuit controls a device that is used to energize a

solenoid coil by connecting it to ground as shown in Figure 3.8. The function is performed

using a VQlOOl [13], n-channel enhancement mode metal oxide semiconductor field

effect transistor, MOSFET. This device can be considered to be TTL compatible in this

circuit configuration because the device will pass a drain current, Ip, no higher than 10 pA

when the gate to source voltage, Vqs, is 1.2 volts or less and the drain to source voltage,

Vps, is 5 volts. If Vqs exceeded the TTL high level threshold voltage of 2.4 volts, the

allowable drain current would exceed 75 mA. This is substantially more than enough to

sink the current necessary to operate the display LEDs.

The thirteen light emitting diodes on the front panel of the electrical control chassis

that can be controlled from the remote interface are switched to ground using two

VQlOOl chips and a 7406 open-collector hex inverter [5]. The Hewlett-Packard HLMP-

3600 LEDs [14] are used because they have integral resistors that limit current to 12 mA

when used with 5 volt power supplies. A 510Q resistor is connected in parallel to a

display T .FD in order to supply the current to an optocoupler located in the pneumatic

control chassis. Since the LED and the resistor are connected in parallel, both devices

must use the same power supply. A total of six resistors are used in this maimer to drive

the optocouplers used to actuate the five solenoid valves and the feedback relay. The

additional current load is less than 7 mA and is easily handled by the MOSFET.
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Solenoid Valve Control Card

Each valve and the analog feedback transducer relay is actuated by an optically

isolated circuit located in the pneumatic control chassis as shown in Figure 3.8. Each

circuit uses an n-channel MOSFET on a VQlOOl to switch the load to ground. All valves

return to the normally closed (safe) position when power is lost in either chassis or if the

cable is disconnected.

The optocoupler is a Hewlett Packard HP2630 [14] two channel device that

provides electrical isolation between the electrical control chassis and the pneumatic

control chassis. It can operate at speeds up to 10 MHz and is TTL compatible. Long

cables can be used to connect the two chassis because the maximum resistance, Rmax' of

the cable is calculated to be 170Q when used with a 5 volt power supply, Vg.

The optocoupler operates in a negative true logic mode. The output of the

optocoupler is in the off state until the input current is provided to the optocoupler LED.

The output signal is pulled to a TTL high level and is inverted with a TTL compatible

open collector inverter to give a positive true logic. The output collector is connected to a

10 KD pullup resistor which is connected to a 15 volt power supply. By placing 15 volts

at the input MOSFET, the resistance from the drain to source, Rpg, is set very near its

lowest attainable value. Since the pneumatic control chassis might be located in a low

pressure environment, it is important that the power dissipation be low because the

convection cooling would be substantially reduced.

The solenoid valves have a 60O coil designed for operation with a 24 VDC power

supply; therefore, it requires about 400 mA to actuate the valve. The power dissipation of

each circuit is approximately 136 mW at these conditions. The feedback select relay

requires only 48 mA since its coil has a typical resistance of 5000. Up to 30 VDC at a

continuous drain current of 830 mA may be used to actuate the valves or relay without
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reaching the minimum breakdown voltage of the VQlOOl. Although the device is rated for

1.3 watts per circuit, the overall power dissipation of the chip should be limited to 2 watts.

All parameters are well within operating specifications, but only two MOSFETs are used

per chip in case low pressure or high temperature environments are encountered.

Power Requirements

A single output +5 volt power supply and two dual output +/-15 volt power

supplies are installed in the electrical control chassis. The +5 volt supply is an open fi-ame

linear power supply. It has an output that can be adjusted between 4.75 and 5.25 volts

which is set to +5 volts for TIL logic operation. The overall RMS noise level on the

supply is less than 25 mV. The current that can be supplied is 6.0 amps, but the maximum

required is less than 4.3 amps. The average operating current was measured as 3.1 amps

during checkout. The majority of the current is needed to drive the LED displays on the

front panel and to supply the five STD BUS cards. All installed components were either

TTL compatible CMOS devices or LSTTL devices to minimize the required current.

The power required by the analog circuit components and the pressure servovalve

will vary with input voltage and pressure setpoint, but neither the +15 VDC or the -15

VDC line on the power supply should exceed 150 mA. A modular 200 mA linear power

supply was installed to meet this requirement. This power supply has 0.02% or better line

and load regulation with excellent long term stability. The overall maximum ripple and

noise is specified as 0.5 mV RMS. The actual output current was measured between 80

and 120 mA. A 100 mA power supply with the same characteristics as above is installed in

the electrical control chassis to excite the two analog pressure transducers. This power

supply is allowed to float as a single ended +30 volt supply since the signal low output is

grounded. Less than 25 mA is needed to power the two analog transducers .
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A single triple output power supply with outputs of +5, +15 and -15 volts is

installed in the pneumatic control chassis. The opto-coupler output and valve switching

circuits require very little operating current since the power supply for the solenoid valves

is located externally. The maximum amperage required of the 24 VDC power supply is

approximately 2.05 amps. Values less than 1 amp will be required because it is unusual to

energize more than two solenoid valves simultaneously.
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CHAPTER 4

CONTROL METHODOLOGY AND TIMING

Introduction

The characteristics of the pressure servovalve and a description of the hardware

and methods used to operate the device are presented in this chapter. The pressure

servovalve works in a manner such that general nozzle equations accurately predict its

overall behavior. The design of a constant current power supply used to achieve the

required stability and the data acquisition methods using instrumentation interfaced to the

STD BUS are presented. Also, the methods used by the digital control algorithm to set the

requested pressure quickly and accurately with various pressure systems is presented.

Control Valve Characteristics

The flapper-nozzle pressure servovalve is used to provide the pressure output

needed to calibrate test article and test facility pressure transducers. Figure 4.1 shows the

construction of the pressure servovalve [15]. The supply pressure is input to the metering

area and a vacuum evacuates the area. The metering area is lengthened or shortened by

the movement of the flapper. The flapper is a rigid metal beam that is the opposing end of

the armature. The pivot point of the beam is located above the metering area and below

the permanent magnet and coil structure. The armature/flapper is attached to a heavy

torsion spring under which a compressible 0-ring is seated. The 0-ring prevents gas from

entering the magnet and coil area. Although very limited angular deflection is possible at

the pivot point, the flapper can be positioned through its full range of travel with a +/- 25

mA power supply.
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Figure 4.1. Schematic of Flapper-Nozzle Pressure Servovalve
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The calibration gas is supplied at a constant pressure to the pressure servovalve by

a pressure regulator with an attached moisture and oil filter assembly. This gas passes

through the nozzle that is a cylindrically shaped variable flow restriction. The gas is

evacuated by the vacuum pump connected to the nozzle exit. The flapper is positioned by

changing the control current to the coil. The pressure servovalve will maintain a very

stable pressure if the control current, supply pressure and return pressure are all stable. As

the control current changes, the flapper is positioned to allow more or less of the supply

gas into the calibration (control pressure) line.

Pressures equaling the supply level or vacuum level cannot be reached with a

flapper-nozzle pressure servovalve because there is pneumatic leakage in these devices.

The pressure servovalve will usually output pressures to within three percent of the supply

pressure. Since the required pressure output range is from 1 PSIA to approximately 30

PSIA, the leakage presents no problems. A supply pressure of approximately 42 PSIA is

used; therefore, an output pressure of about 40 PSIA can be reached. The maximum

output pressure of 40 PSIA corresponds to a differential pressure of about 25 PSID. This

pressure is safe for most pressure transducers since they can be subjected to an 300% over

pressure with no permanent damage. In fact, with large volumes to be filled it is desirable

to maximize the output pressure. Commanding a full scale pressure allows the vacuum

pump to evacuate little gas from the metering area; therefore, more gas is directed to the

calibration line. When the pressure in the calibration line has reached the desired level, the

flapper would be moved to the calculated position for the desired control pressure.

The flow capabilities of the pressure servovalve can be estimated by the general

nozzle equations if the geometry of the metering area is known. It is important to know

the flow capabilities of the device in order to determine an appropriate pressure control

algorithm. Other factors that affect the total weight flow rate are the temperature of the
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gas, the upstream pressure and the downstream pressure. The standard conditions of sea

level pressure, 14.7 PSIA, at 59 degrees Fahrenheit, 518.67 degrees Rankine, will be used

as the flow reference. The general equation for weight flow, W, is expressed as [16]

■Jf

The units of weight flow are pounds per second. The values fi"om which this term

is calculated are expressed in dimensions of pressure in pounds per square inch, area in

square inches and temperature in degrees Rankine. The factor K is dependent on the gas

constants for the media used in calibrations. For air, the value K equals 0.5318 / sec.

The supply pressure, Pg, is set at 28 PSIG with a hand operated pressure regulator. This

pressure can be estimated to be 42.7 PSIA when the value of 14.7 PSIA is used for the

standard atmospheric pressure. The nozzle discharge coefficient, Cj, is dimensionless and

is a correction factor that must be applied to all nozzles. The annular metering area is best

described as a square edged orifice and Cj has been verified by the manufacturer to be

approximately 0.85 at several test conditions.

The nozzle can best be described as the outer portion of a tin can with the ends

removed. The area in square inches is then

A = Kdl (4.2)

The diameter of the nozzle is 0.11 inches and the metering area in 0.006 inches in length.

The surface area of the nozzle in the fully open position is 0.0021 square inches.

The term N is determined fi"om the pressure ratio of the nozzle upstream pressure,

Pg (or the supply pressure), to the nozzle discharge pressure (or the control pressure). N is

used to correct the weight flow calculation and is equal to one until the ratio of the supply

pressure to the control pressure is 0.5283 or greater when air is used. The values of N

used to adjust the normalized weight flow at a pressure ratio is shown in Figure 4.2.
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The value 0.5283 is known as the critical pressure ratio for air. When the nozzle

discharge is at a vacuum, the pressure ratio approaches zero and the gas can travel

through the nozzle faster than the speed of sound. In this instance the nozzle is said to be

choked and the weight flow is constant when the nozzle is choked because the pressure of

the gas decreases with increased speeds encountered at lower ratios. The velocity will be

the speed of sound or greater until the critical ratio is encountered. At the critical ratio the

velocity will be no greater than the local speed of sound. The curve begins moving

downward at the critical ratio as the discharge pressure increases. During these conditions,

the nozzle is said to be unchoked. The velocity of the gas through the nozzle continuously

decreases until the pressure ratio equals one. At a ratio of one, there will be no flow

because the discharge pressure equals the upstream pressure.
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Figure 4.2. Weight Flow Versus Pressure Ratio
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The critical pressure for the pressure servovalve at standard pressure and

temperature is approximately 22.6 PSIA or 7.9 PSID. The weight flow can be assumed to

be constant if the nozzle is fully open and the control pressure is less than 7.9 PSID. At

this pressure the flow begins decreasing slightly until the weight flow is reduced by about
six percent at a control pressure of 15 PSID (ratio of 0.7). This reduction is so small that

the weight flow may be assumed constant for pressure increases over the entire operating

range. The nozzle should be fuUy open until the setpoint is reached when large volumes to

be charged are present and the new control pressure is an increase over the previous

pressure. The weight flow characteristics for charging a volume are seen in Figure 4.3.

Volume Charge Rate
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£
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u
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Volume Evacuation Rate

10 15 20 25

Line Pressure (PSIA)

30

Figure 4.3. Weight Flow Versus Control Pressure
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Figure 4.2 is also used to estimate weight flow for decreases in pressure, but the

control pressure becomes the supply pressure and the vacuum pressure becomes the

discharge pressure in the weight flow and ratio calculations. The typically used vacuum

pump can evacuate 500 to 1,000 cubic feet per hour, CFH, and is insensitive to the line

pressure; therefore, the vacuum line is always at a low pressure. The nozzle is assumed to

be choked continuously because the pressure ratio will be low. The weight flow will be

reduced, however, since the upstream pressure is continually decreasing. For example, if a

pressure request of -12 PSID is made from an initial 0 PSID setting, the initial upstream

pressure on the nozzle is atmospheric pressure. At this time the weight flow will be

approximately two-thirds less than that of a positive increase in pressure because the

supply pressure is reduced from 42.7 PSIA to 14.7 PSIA.

The weight flow for discharging a volume is about one third that of charging a

volume as shown in Figure 4.3 at a pressure of 14.7 PSIA. Since gas is proportionally less

dense at low pressures when the temperature is held constant, setting pressure at the low

end of the control range does not require an excessive amount of time. The upstream

pressure will continually decrease as the control pressure approaches the setpoint and the

weight flow will be proportional to the control pressure. In fact, since the line pressure

decreases at the same rate as the nozzle upstream pressure, the volume displacement is

nearly the same at any control pressure.

From equation 4.1 the maximum weight flow is calculated to be 1.757-10'^ Ib/s or

6.326 Ib/hr at standard conditions. At standard conditions air weighs 7.418 10'^ Ib/ft^;

therefore, the maximum rate the pressure servovalve can charge a large volume at

2  3 3
standard conditions is 2.37 10" fl /s or 40.93 in /s. Similarly, the nominal evacuation rate

is 14.1 in^/s if the supply pressure is assumed to be at atmospheric pressure. The

manufacturer specifies the pressure servovalve to have a flow rate of 82 standard cubic
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feet per hour, SCFH, for positive flow. This compares favorably to the calculated output

of 85.3 SCFH using the theoretical equations. Calculations using local atmospheric

pressure and temperature instead of standard conditions can easily be made, but the

difference in flow rates Avill usually be negligible.

Voltage to Current Converter

The constant current supply needs to meet several important requirements. The EA

converter must supply the control current needed to position the flapper through its full

range of travel. Also, the EA converter must provide an output that will drive a long cable

without oscillating. Finally, the EA converter must provide a stable output current and be

insensitive to load changes. Heating effects cause the resistance of the coil to drift as

shown in Figure 4.4; therefore, constant current control is used.

385 X

384

383

382

K

I—386

-0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02 0.025

Current (amps)

Figure 4.4. Pressure Servovalve Coil Resistance Versus Control Current
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The pressure servovalve is rated for input current ranging from -25 mA to 25 mA.

The circuit that performs this function is shown in Figure 4.5. The constant current supply

was designed to convert an input voltage of 1 volt to 2.5 mA because the D/A converter

supplies a control voltage ranging from -10 volts to +10 volts. The transadmittance is

determined by the gain of the instrument amplifier and the value of the current sense

resistor, Rg. Since resistor conversion is the basis for voltage to current conversion, the

stability of the circuit is primarily affected by the temperature stability of Rg Also, the

stability of the voltage from the D/A converter affects conversion accuracy. Since the

accuracy requirements of the pressure controller is stringent, great care was taken in

designing the E/I converter to be insensitive to load changes.

It is important to use a resistor that will not heat significantly when shunting the

control current. A relatively low voltage is developed by the current through Rg when a

low valued resistor is used. This enables the use of a small precision resistor having a low

power rating. Also, using a small valued resistor will not significantly reduce the voltage

compliance of the circuit. Assuming a typical fiill scale output supplied by the buffer chip,

U3, of +/-12 volts, the maximum resistance that the circuit can operate with is 480Q.

Since the coil resistance of the pressure servovalve is nominally 385n and Rg is 40Q, the

maximum cable resistance is 55n. This is approximately equal to a 1500 foot cable having

#22 AWG conductors. Since the power used by Rg at full scale current is only 25

milliwatts, mW, a low power shunt resistor may be used.

The outer feedback loop of the circuit returns the output voltage of the instrument

amp, U4, to the inverting input on Ul. The voltage, Vout> seen at the output of U4 is

VouT = \0-Rs-Is (4.3)
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Feedback forces the voltage difference between the two inputs of op-amp, Ul, to

be approximately zero volts while accommodating all load voltages that will normally be

encountered. If a 1 volt control voltage from the D/A converter were present at the non-

inverting input on Ul, a current of 2.5 mA through Rg would be generated because the

output of the op-amp will change in order to place the two inputs at the same potential.

A Burr-Brown BUF634 [17] was chosen for the buffer chip because it has built-in

short circuit protection and will supply +/-250 mA when used wdth a +/-15 volt power

supply. This device has built-in short thermal shut-down and an internal current limiting

circuit. It also has a frequency response of up to 180 megahertz, MHz; therefore, the chip

is bypassed at the power pins with 10 pF tantalum capacitors in parallel with 0.01 pF

ceramic capacitors to assure stable operation at high frequencies.

The buffer chip is connected to an internal feedback loop with the op-amp, U2, to

provide a unity gain buffer circuit. By using an op-amp in this configuration, any offset or

non-linearity of the buffer chip is virtually eliminated. The reduction of offset voltages by a

factor equaling 125 dB is realized because any offset voltages would be effectively

reduced by a factor equal to the open loop gain of the OP27.

The capacitor, Cl, is necessary to insure the stability of the op-amp buffer circuit.

Any oscillations occurring at this point can be eliminated by adding a small valued

capacitor, 0.001 pF or less. This capacitor adds a zero that cancels the pole introduced by

the feedback resistor and the input capacitance of the op amp. A second compensation

capacitor, C2, is used in the outer feedback loop to prevent oscillation at the output of

Ul. By properly selecting the compensation capacitors, stability can be ensured by placing

the second pole very close the unity loop gain crossover. This circuit operates at

frequencies much higher than the 200 Hz frequency response of the pressure servovalve.

The response was measured and found to be flat to frequencies up to 1 KHz. The overall
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frequency response of the circuit is dependent on the characteristics of the cabling

connecting the two chassis, but the operation should exceed the response of the

servovalve.

The capacitive load presented by typical twisted pair wire ranges from 30

picofarad per foot, pF/ft, to 50 pF/ft. A typical installation might require a length of 200

feet. If the capacitance were 50 pF/ft the total load capacitance, Cl, would be 0.01 pF. In

order to drive the cable it is important to limit the frequency response of the buffer chip to

levels that will prevent excessive output currents. The maximum slew rate that the

BUF634 can achieve with a particular load capacitance can be calculated from

Il = Cl— (4.4) [17]
dt

It is desired to keep the output current less than 250 mA. If the load capacitance is

0.01 pF the maximum safe slew rate is calculated to be 25 V/ps. The slew rate of the

OP27 output is 2.8 V/ps when a 2 KQ or greater feedback resistor is used; therefore, the

BUF634 should remain in the safe region for driving dynamic loads. Low capacitance

cable should be used when there is a long distance between the electrical control chassis

and the pneumatic control chassis to insure proper operation. If desired, this circuit can be

adapted for driving higher frequency signals by maintaining a small load capacitance and

replacing U1 and U2 with high frequency, unity gain stable op amps.

This E/I converter has the benefit of providing isolation between the electrical

control chassis and the pneumatic control chassis while providing the accuracy and

stability needed to control the pressure servovalve. Precautions have been taken to insure

stability at all setpoints and there is sufficient drive capability to insure voltage compliance

in most installations. Also, this circuit can be adapted to meet many constant current

requirements, including high frequency and high power applications.
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Feedback Transducer Data Acquisition

Since flexibility was a main concern of the pressure controller design, all data

parameters must be made available to the control logic. Also, the digital output from the

working standard is required in order to obtain high accuracy. Both of these requirements

are met by using a microprocessor for all data acquisition, calculations, control and

display. It was determined that a fairly slow update rate would be acceptable because the

response of the calibration line is usually several seconds or more; therefore, a fairly slow

processor could be utilized without significantly increasing the calibration time.

After the pressure controller software was written and debugged, the program

loop period was found to be either 145 or 160 mS depending on the selected feedback

transducer. When the working standard is used for pressure control, the data loop period

was longer due to the necessary BCD to binary conversion.

A predictable loop time would give more repeatable control. The program loop

time when using analog feedback was lengthened in order to use the same control

constants during both control modes. Since reading the analog feedback transducer

requires less time, three readings were made and averaged during each loop. Averaging

decreases the error of the feedback signal which improves the pressure stability. After the

conversion is initiated on the A/D, the processor is placed in an idle mode for

approximately 3 mS. During this time, no activity is present on the data or address lines on

the bus. This lowers the background noise in the system and causes the loop time to be

almost the same as when using working standard feedback. The timing diagram for the

analog transducer data acquisition is shown in Figure 4.6.

Digital data acquisition does offer many advantages. There would be no automatic

calibration or zero offset without a microprocessor. The output of the working standard

can be used without adding any additional error since the digital output is not subject to
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zero shifts or other problems associated with analog feedback signals. The working

standard can be monitored for safe input pressures and illegal BCD numbers. If an unsafe

pressure is read the pressure controller automatically requests 0 PSID. If an illegal BCD

number is read the last legal reading is used for calculations. Also, many display options

are available with the addition of a microprocessor. Switch inputs can be read to change

control modes or displays as required by the operator.

Control Algorithm Selection

The pressure control circuitry could be composed entirely of analog components

when using an analog feedback transducer, but the digital output of the working standard

is used to set most calibration pressures. Since the analog transducer can be trimmed to

provide high accuracy, the A/D converter would not be needed for analog control. Also,

the bandwidth of the pressure controller would be significantly increased and the pressure

settling time could be possibly be decreased. However, some form of digital feedback and

control would be best suited to control the output pressure in this design because

flexibility and accuracy provided by using the output of the working standard outweigh

added costs.

The addition of a microprocessor allows for complex control algorithms, but

extensive calculations require more processor time. Since an 8 bit microprocessor was

chosen, the control algorithm must be efficient if a fast loop time is to be implemented. It

is possible to design a control algorithm for a fixed volume, but the calibration volumes

connected to the pressure controller vary.

When the supply pressure is restricted by a control device and there are no flow

restrictions in the line, the time necessary to set a pressure is nearly independent of the lag
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time. If the temperature is held constant the time to charge a fixed volume fi-om a known

starting pressure to a different pressure can be estimated using the ideal gas laws.

PiV^=P2V2 (4.5)

The total internal volume, Vj, of a 100 foot, 3/4 inch diameter tube connected to a

100 foot, 1/4 inch diameter tube is approximately 470 in using equation 4.5. The internal

diameter of 3/4 inch pressure tubing is 0.68 inches and the internal diameter of 1/4 inch

pressure tubing is 0.19 inches. When the 3/4 inch tube supplies the 1/4 inch tube, the lag

time is less than 0.5 seconds for an input pressure to reach 26.99 PSIA fi"om a starting

pressure of 14.7 PSIA [2].

V1 = (4.6)
4

If 40.93 in^/s, M, gas were input to the line, a pressure of 26.7 PSIA, Pj, would be

reached in the time calculated using equation 4.6.

(4.7)
MPx ^ '

The time necessary to increase the pressure in a 470 in volume by 12 PSI fi"om an

initial atmospheric pressure is approximately 9.4 seconds. This calculation was made

assuming a constant flow rate of 82 SCFH. The time necessary to decrease the pressure in

a 470 in volume by 12 PSI from an initial atmospheric pressure is approximately 27.2

seconds. This calculation was made assuming an initial flow rate of 29.4 SCFH.

The previous calculations indicate that the time required to set a pressure is a

function of the volume of the tube and not the transmission characteristics of the

calibration line and gas. These data supply the required information to implement a control

algorithm. Using the fiill output available fi-om the pressure servovalve was the approach

used to set pressures. The output curve of the pressure servovalve is shown in Figure 4.7.
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Figure 4.7. Pressure Servovalve Output Pressure

Although the pressure servovalve has a stable output if the supply pressure and the

control current are fixed, the output is not repeatable because of the hysteresis of its coil.

The pressure servovalve exhibits approximately 0.5 PSI deadband between ascending and

descending pressures and an expression for the output characteristics was not derived. The

data at each calibration point for both ascending and descending pressures were averaged

and a single plot was obtained.

The data appears to be an odd fimction of current except for a constant offset;

therefore, an odd order least squares polynomial fit should describe the data. Several order

polynomials were evaluated and a third order fit was chosen. The largest residual

occurring with this curve fit is approximately lOOpA. The main source of error in this data

fit is induced by the hysteresis of the servovalve. The expression used to calculate the

proportional term is shown below.
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IoLrr = ao+a\-PREQ + a2{PREQy +ai(PREQy (4.8)

ao = -5.6656 10-'

ai = 1.2572-10"'

02 = 1.8081-10"®

03 = -1.0887-10-''

Preq is the required pressure. The pressure units are expressed in PSID and the current is

in amps.

This fit is calculated from data recorded during checkout. The result of the curve

fit is multiplied by a term necessary to convert the calculated number to a two's

complement 16 bit binary number. The resulting binary number is converted to the

equivalent offset binary number and output to the D/A converter. The curve fit is typical

of this particular model pressure servovalve, but may differ significantly between units. As

expected, the second order term contributes little to the calculation of the control current

because the shape of the curve indicated an odd function.

Automatic zero correction can be insured by using proportional plus integral

control. Integral control adds a percentage of the error between the output pressure and

the commanded pressure to the previously calculated integral term. The integral term is

initialized to zero and the proportional term is recalculated after each new pressure

request. The error will eventually be forced to zero because the integral term continually

adjusts the control current until the pressure settles.

Since it may take some time for the pressure to reach the desired setpoint, the

control current will likely reach the maximum allowable value before the setpoint is

reached. This condition is known as reset wind-up and will usually cause excessive

oscillations in the output pressure because the integral term must be adjusted from the

maximum level. By the time the integral term returns to zero the pressure has gone well
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beyond the setpoint. The integral term will then adjust to counter this offset. Eventually

the pressure will stabilize, but the time required to set a pressure is excessive.

The problem of oscillations is greatly reduced by a simple process. When a new

pressure is requested, the integral term is set to zero and only the proportional value is

output. Subsequent loops are processed and a portion of the error is added to the integral

term. The integral portion of the control current is large at this time because the error is

large. When the output pressure reaches the requested pressure, the integral is reset to

zero. The integral is then readjusted as necessary to maintain the setpoint. The integral

portion of the control current is small at this time because the error is small. There is some

overshoot at the source when setting pressure with this approach, but overshoot helps to

pressurize the entire calibration line.

An optimized integral constant can be calculated for a particular pressure

installation, but it is easier to find a usable expression by testing the device. During the

checkout of the pressure controller, a switch was used together with test peculiar

programming to vary the integral term. All of the daily calibrations and pressure checks

were performed using different integral values. Values of the integral term ranging from 1

percent to 50 percent of the pressure error were studied on different calibration lines and it

was found that no one value would give good pressure control for all situations.

There were two basic types of calibrations performed daily. The most common

type of calibration is setting pressure on many transducers simultaneously. The volume is

large in this case. The other type of calibration is setting pressure on one transducer which

is pneumatically connected to the calibration manifold by a tube having no other

connections. The volume in this case is considerably smaller. From the average calibration

times of each type of calibration, an average constant for large volumes and an average
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constant for small volume was determined. The switch used to vary the integral term was

then used to indicate the presence of a small or large volume.

The value used for a small volume is 10 percent of the pressure error. This

constant is multiplied by the first order constant fî om the pressure servovalve curve fit.

The result is stored as data and multiplied by the pressure error. The current calculation is

summed with the previous calculations to provide constant correction. This value will

cause the control current to increase slightly during the execution of each program loop.

After the pressure has been reached, the integral term is set to zero and fine tuning about

the setpoint occurs. Very little fluctuations occur after the final pressure has been reached

because the control current changes little as the error approaches a small value. Unless the

supply pressure to the servovalve changes or there is an abrupt change in temperature or

volume, the pressure will be maintained. If the volume switch indicates a small volume

when there is actually a large volume present, the pressure will be reached more slowly

and slowly changing oscillations will occur until the output pressure stabilizes.

The value used for a large volume is 25 percent of the pressure error. This value

will cause the control current to increase more rapidly. The control current will quickly

reach the maximum output and remain there until the pressure is reached. Conditional

statements in the pressure control subroutine limit the integral portion of the control

voltage to +\-10 volts minus the proportional value in volts. This is done to insure that the

integral value will not reach unrealistic values. When the requested pressure has been

reached, the integral value is set to zero. If the volume switch indicates a large volume

when there is actually a small volume present, the pressure will be reached more quickly

and the output pressure will usually exhibit small rapid fluctuations.

The ESP calibration manifold normally has a small volume. When pressure control

using ESP system feedback is selected, the integral constant is the same as the constant
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used for a small volume. The proportional term may be calculated with a different data fit

because the output characteristics of the ESP system servovalve may differ. All other

aspects of pressure control are identical.

It was discovered during testing that the term used for integral control should be

different after the pressure has been reached. A large integral term is needed to speed the

pressure setting, but a smaller value would make the fine tuning process free from

oscillations. The method used to achieve rapid approach to the setpoint followed by a

smooth ramp function from the peak overshoot value is as follows. After the setpoint has

been reached and the integral portion of the output is set to zero, the integral constant is

halved. Since the correction is made from an overshoot and the hysteresis of the

servovalve takes some time to overcome, the integral term will normally be a non zero

value. The control pressure is then reached with little or no overshoot because the

calibration manifold pressure does not lag the feedback pressure by a large amount. The

program structure for the control algorithm is shown in Figure 4.8.

The output pressure becomes more difficult to control at low pressures. The

pressure changes much more rapidly with decreasing current at a pressure of 3.5 PSIA, -

11 PSED, or lower. Since a small voltage change translates into a large pressure change at

these setpoints, the output current must be adjusted slowly if the pressure is to be set

without a significant overshoot. The integral constant must be lowered when pressures

less than -11 PSED are requested. The program automatically sets the integral constant to

3 percent of the pressure error for any selected volume if a pressure less than -11 PSED is

requested. This causes the setpoint to reached more slowly, but oscillations are virtually

eliminated.
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Figure 4.8. Control Algorithm Program Structure
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Figure 4.8. cont. Control Algorithm Program Structure
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CHAPTER 5

SYSTEM SOFTWARE

Introduction

The operation of the pressure controller is directed from an operator or from a

remote host. Many functions are contained within the program structure of the pressure

controller. All input and output calls to devices interfaced with the SID BUS are made

with subroutines written in 8085 assembly code. After the binary or BCD data is input to

the processor, program statements written in Pascal manipulate the data. The format of

the data is defined as double precision; therefore, no significant loss of accuracy occurs

during processing. The results of the program are used to set the control current, drive the

displays, control valves and change status bits. When necessary, these data are rounded to

the nearest integer, converted to the required format and output to the display or control

circuitry. All embedded programs reside in read only memory and the data and stack are

stored in random access memory located on the CPU card.

Main program fimctions

Most features of the embedded program have been previously discussed. The main

program was written using Pascal. This program is compiled, checked for errors,

converted to 8085 assembly code and linked to the subroutines written in assembly code.

The main program issues calls to subroutines written in assembly code for all input and

output to the STD BUS. The program structure is shown in Appendix A.

The conditional branching capabilities of Pascal make the process of selecting the

required tasks simple. Built-in safety features are incorporated within the program loop
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and are executed immediately following detection. Pressures exceeding the input

capabilities of the working standard are prevented from occurring and output pressures

exceeding the input range of the A/D converter cannot be requested. The accuracy to

which data is internally calculated enables stable pressure control. The capabilities of the

program allow for complex control algorithms that increase the pressure setting speed.

The many useful display functions are activated by a single rotary switch input to the

program. Using a high level programming language simplified generating the assembly

code necessary to operate the pressure controller.

Assembly code subroutines

Subroutines written in assembly code are used to input feedback pressure, switch

positions, commands from a remote host and information from a keypad. These

subroutines are also used to output data to the pressure servovalve control circuitry,

actuate solenoid valves, display status information, output requested pressure and display

feedback pressure. The following fifteen subroutines are called by the main program.

PSTART initializes the Pascal environment and directs the unmaskable

interrupt to the first program statement. All other interrupts are disabled in
this subroutine.

INISYS resets the pressure request display to zero. Zero PSID is requested
and all display LEDs and valves are set to the default positions if the
remote mode of operation is selected by the toggle switch. The default
position of the valves are the power-oflf state. Analog transducer #1 is
selected as the feedback device and the last used units are selected.

BINBCD converts a two's complement binary word to a five digit BCD

number. This information is returned to the main program in two 16 bit

words.
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REOQUT outputs four BCD digits to the pressure request display. The
sign and decimal point information are combined with the most sigmficant
digit and output as well.

FUNOUT outputs the feedback pressure or selected function display in the
same manner as the pressure request is output.

GETVOL reads the volume switch and stores the data in memory.

PUSHSW reads the position of the valve and status control switches and
stores the data in memory.

KEYPAD reads the keypad data. The data valid bit, DAY, is checked. If
the DAY bit is not present, -1 is returned to the processor. This is stored in
memory and used to compare with future readings. If DAY is present the
last button position is read from memory and is compared with the current
button. The subroutine determines if a new button has been pressed and the

command is executed. This structure enables the program to read a button,

process the command and ignore it on subsequent loops if it is pressed and
held for an extended period. This structure also enables the reading of a
different button on every loop.

LOADSW outputs the valve and status bits when the remote mode of
operation is selected. The information requires eight bits and is used to
actuate valves and to drive the front panel LEDs. The units bit is output
with this subroutine for the manual as well as the remote mode of

operation.

GETREM reads the commands from the remote host. The pressure

requests are input in a BCD format requiring 16 bits. This information is
stored in memory. If a status or valve change is requested the data is
processed and LOADSW is executed.

RSETRA controls the data acquisition of the feedback transducer. The

A/D converter is activated by reading input 10. The program delays for 3

78



mS and the data from the A/D converter is read by input ports 8 and 9 and
stored in memory. The process is repeated two more times.

RRUSKA reads the working standard pressure transducer. The data is read
as two 16 bits words and stored memory. The data is in BCD format and is
converted to a real number by the main program.

ROTYSW reads the position of the rotary switch and stores the data in
memory.

DACOUT outputs the calculated control voltage to the D/A converter.
This data is converted from two's complement format to offset binary
representation before it is output.

Memory requirements

The main program performs all high level decision making and mathematical

operations, but all input and output activity is directed through the STD BUS backplane as

directed by the subroutines written is assembly code. All programs are linked together and

loaded into one Texas Instruments model TMS27C64-25 [18] 8K by 8 bit EPROM using

a device programmer connected to a personal computer. The maximum EPROM access

time of 250 nS allows the device to operate at faster speeds than the system clock and

within the confines of the STD BUS protocol.

The main program is over 440 lines of code written in Pascal. This program is

assembled and linked with approximately 350 lines of assembly code and the programs

needed from the Pascal library of the development software to form an embedded program

of approximately 7K bytes. Since the program is smaller than 8K byte, only one EPROM

is required to store the embedded program.

All data and information loaded on the stack are stored in RAM. This data is

stored in one Dallas Semiconductor DS1225AD-150 [19] non-volatile static RAM. The
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device has a built-in voltage regulator that senses when the supply voltage falls below 3.0

volts and switches to standby power using a built-in lithium battery. The device functions

properly with supply voltages from 4.25 to 5.5 volts, but when the supply voltage falls

below 4.25 volts, data cannot be written to memory. During power-up, the internal battery

is used for data retention until approximately 3.0 volts is reached. At this time the internal

circuitry connects the external supply to the memory and disconnects the internal battery.

Data is write protected until the supply voltage reaches 4.5 volts and normal operation

resumes.

Memory retention of non-volatile static RAM is guaranteed for a minimum of ten

years after initial use. This device functions in every way as a static RAM device with

access times of 150 nS or less. This device is fully compatible with the STD BUS address

timing and the system clock. Although 4K byte of area is available for data storage on the

device, only 475 bytes are needed. The remaining 4K bytes of memory within the device is

allocated to the program stack, but no more than fifteen bytes are ever used for this

purpose.

Under half of the available on-card memory is needed to implement the capabilities

of the pressure controller. Sufficient storage remains to further develop the firmware as

required. The availability of the development software using Pascal allows the addition of

any extra features to be made. Also, any other STD BUS hardware such as RS-485 or

IEEE-488 communication cards could be added if needed. The open ended architecture of

the pressure controller enables future revisions, including CPU upgrades, to be

accommodated.
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CHAPTER 6

PRESSURE CONTROLLER CHECKOUT

Introduction

The pressure controller was designed and fabricated in an instrumentation

laboratory. Fabricated circuitry was calibrated and proper operation was verified. The

circuits were found to function as expected. System software was then installed and the

CPU was replaced with an 8085 emulator. The program was executed block by block and

line by line as required. After some debugging, the pressure controller met all accuracy

and stability requirements.

Initial Setup

All valves were actuated using the front panel switches. The keypad was operated

and all functions were verified. The pressure controller was measured by a separate

working standard and was found to output the requested pressure when any of the three

available feedback transducers were selected. The remote interface was then connected to

a switch bank and the pressure control fiinction was requested. Operation was changed

between manual and remote modes. The valves and status bits were selected individually

to change their state using the remote interface. All front panel and remote commands

performed as expected.

Calibration voltages were applied to the analog input test point and the A/D

converter was adjusted to an accuracy of 1 mV using the A/D Volts option. The

conversion accuracy of the A/D converter is shown in Table 1 in Appendbc B. The D/A

Volts option was selected and the D/A converter was adjusted to agree within 500 pV of
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a digital voltmeter connected to the control voltage test point. The pressure servovalve

was connected to the circuit and the control current was read. The conversion accuracy of

the D/A converter and the E/I converter is shown in Table 2 in Appendix B. The first

column shows this control voltage to the E/I converter supplied fi"om an external voltage

standard. The second column shows the output current generated by the E/I converter.

The last column shows the compliance voltage generated by the E/I converter with the

pressure servovalve and a 60n series resistor in the circuit.

The pressure transducer in the pneumatic control chassis was set to zero by

venting the calibration manifold followed by performing the Analog Transducer Zero

option. Then, the transducer was calibrated against the working standard connected to the

electrical control chassis. All zero and calibration constants were automatically stored in

non-volatile RAM and were retained until future zero or calibration operations. The

pressure controller was then able to display and control pressures within the specifications

stated by the manufacturer.

The Feedback Transducer Leak Rate option was then verified by using a voltage

source to simulate the analog transducer. The display is updated and data is acquired once

every ten seconds when this option is selected. The leak rate calculation was verified by

changing the input voltage after an update. The calculated leak rate would be displayed

ten seconds later. Step voltage changes were applied and the expected leak rate pressure

was calculated and found to be accurate within 0.25% for step changes of 1 V or more.

The working standard leak rate calculation was accomplished using a switch bank to

simulate a step pressure change.

The effect the Small/Large Volume switch has on the control voltage was

measured using a digital storage oscilloscope. A voltage was input to the test point and a

pressure was commanded. The initial control voltage output from the D/A converter was
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found to equal the value generated by the pressure servovalve curve fit. The initial output

voltage was measured. This voltage was found to be the proportional term of the control

voltage output and the position of the volume switch was found to have no effect on this

term, as required.

A pressure was commanded with the volume switch indicating a large volume.

Since the input voltage was held constant by the voltage source, the error between the

feedback and the setpoint was constant. The change in the control voltage following each

program loop was recorded. Several program loops were executed before the control

voltage saturated when the switch indicated a large volume. Each program loop produced

the same increase in control voltage. A negative error was then simulated and several

program loops were recorded. In each case the change between program loop updates

was equal to the calculated integral value. A test was performed using identical initial

conditions for a small volume. When the switch indicated a small volume, about twice as

many loops were processed before the control voltage saturated. The control voltage was

measured and the output was found to increase and decrease as expected.

Pressure Controller Benchmarks

After all features of the pressure controller program were found to function

properly, the analog transducer was calibrated using the built-in features of the pressure

controller. Following this calibration, the analog transducer was checked at various

pressures versus the working standard. The results are shown in Table 3 in Appendix B.

The accuracy of the analog transducer is within the specifications of the manufacturer, but

more accurate and stable pressure control can be obtained using the working standard as

the feedback transducer. Since no loss of accuracy occurs when using a digital output, the

accuracy of the pressure controller is essentially the same as the working standard.

83



Stability checks were performed in the instrument laboratory and the pressure

controller was found to output a stable pressure in any feedback mode. The instrument

was then installed in the pressure calibration system. Significantly larger volumes were

encountered in the wind tunnel installation and the integral constant in the pressure control

subroutine was determined by the process described in Chapter 4.

Although the wind tunnel was a much different environment than the instrument

laboratory, the stability of the pressure controller was not affected greatly. The deviation

about the setpoint of the pressure controller in the field installation was measured as

0.0015 PSED when using the working standard as the feedback transducer. The deviation

about the setpoint was measured as approximately 0.004 PSID when using the transducer

in the pneumatic control chassis as the feedback transducer. The stability was nearly the

same whether a large volume or a small volume was present on the calibration manifold,

but the error recovery seen with a small volume was much faster.

The accuracy of the pressure controller is essentially the same as the accuracy of

the selected feedback transducer. No loss of accuracy is added when using the digital

output of the working standard and the A/D converter has better than twice the accuracy

of the analog feedback transducer. The accuracy of the pressure controller when using the

working standard is +/-(0.0008 + 0.008% Rdg.) PSID. The accuracy of the pressure

controller when using analog feedback is +/- 0.008 PSID.

The pneumatic control chassis was cormected to a volume estimated to be 6000

cubic inches, the largest normally pressurized during daily calibrations and checks. All

standard facility monitoring pressure transducers were pressurized to obtain this volume.

A pressure of+10 PSID was commanded and the pressure was reached in approximately

two minutes. The time required for the output pressure to stabilize within the

measurement accuracy of the feedback transducer was approximately one minute. The
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calculated time needed to fill the volume was approximately 104 seconds. A pressure of-

10 PSID was commanded and the pressure was reached in approximately six minutes. The

time required for the output pressure to stabilize was slightly more than two minutes. The

calculated time needed to fill the volume was approximately 290 seconds.

The time required to reach the pressure was approximately 20 percent longer than

the calculated time. No leaks were found in the pressure line, but the possibility of flow

restrictions could not be eliminated. The additional time needed for the pressure controller

to output a stable pressure was found to be directly related to the accuracy of the pressure

servovalve curve fit at the control pressure. Other volumes ranging fî om 500 to 2000

cubic inches were checked with similar results.

A stripchart recorder was connected to the D/A voltage output and the A/D input

voltage test points on the electrical control chassis. A fixed volume of 17 cubic inches was

connected to the output pressure fitting on the pneumatic control chassis. The overall

volume to be pressurized was estimated to be 20 cubic inches when accounting for the

internal volume of the pneumatic control chassis. The control voltage that corresponded to

a +15 PSID output pressure was commanded using the D/A Volts option. The output

results are shown in Figure 6.1.

The time required to fill the volume was calculated to be about 0.67 seconds using

an estimated nozzle length of 0.0045 inches. The pressure rate of 15 PSID per 0.67

seconds is 22.5 PSID per second. A line having this slope is shown on the figure to

demonstrate how the measured pressure response compared to the calculated pressure

response for a fixed volume.

Figure 6.2 shows the time required to fill the volume to a pressure of -13 PSID. It

was calculated to be about 1.47 seconds with the nozzle set to the full scale negative
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position. The pressure rate of 15 PSID per 1.47 seconds is close to 10 PSK) per second.

A line having this slope is shown on the figure to demonstrate how the measured pressure

response compared to the calculated pressure response for a fixed volume. Some

differences can be attributed to ambient temperature and local atmospheric pressure.

Figures 6.3 and 6.4 show the control voltage versus time with the feedback

pressure versus time for a positive pressure setting of 12 PSID and a negative pressure

setting of-12 PSID, respectively. Again, the volume in this test was twenty cubic inches.

The initial control voltage is equal to the proportional term. The program calculates the

integral value and several discrete steps can be seen before the setpoint is reached and the

integral term is set to zero. After the setpoint is reached, the control voltage changes little

because the error is small at this point and the integral constant is one half of the starting

value. The time required to set the pressures could be shortened with a smaller integral

constant.
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CHAPTER 7

SUMMARY

The pressure controller provides NIST traceable calibrations. Its accuracy and

stability are within the uncertainty of the working standard. All calibration pressures can

be commanded from a single location or from a host computer. The internal pressure

control valve provides greater flow rates than typically av^able from manufacturers.

Also, the pressure will always stabilize after the calibration line has filled to the desired

pressure. The display options and the single function switches provide uncomplicated, but

complete operational capabilities.

The software used in the instrument can be modified for additional capabilities or

refined operation. The CPU used for program control could be upgraded to processors

currently available for personal computers if required. The voltage to current converter

has already seen extended use in the test facilities at the AEDC. The STD BUS is

supported by a substantial number of manufacturers and special communications or

input/output boards can be added since there are three empty slots in the card cage.

Although the pressure controller provides all necessary features required in testing

at the AEDC, several modifications would improve the operation of the device. The

addition of several counter/timer registers would provide the capability for fixed program

loop times or the creation of special purpose routines such as generating sample periods

for the leak check display. A more powerful CPU would allow more complex control

algorithms and increase the bandwidth of the instrument. The pressure settling time could

be noticeably shortened with a processor powerful enough to reduce the program loop

time while performing complex calculations. For example, a program change to measure

the pressure charge and discharge rates of the calibration manifold could be used to
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automatically generate an optimum integral constant. Also, storage of the final control

voltage on pressure settings could be used by the instrument to set future commands.

An option to curve fit the pressure servovalve would be especially useful. The

proportional calculation would not be accurate if the curve fit of the servovalve were in

error. In this case the fine tuning process would be unnecessarily lengthy. An option to

provide zero overshoot is useful in applications when the hysteresis of the transducer

under test is desired. An internal atmospheric transducer or an interface to an external

atmospheric working standard would fix the curve fit of the pressure servovalve to a

measured reference pressure. Currently, proportional error exists when the atmospheric

pressure reference differs greatly from the atmospheric pressure at the time of the

servovalve calibration. This additional transducer could also be used to the read the

alternate reference pressure for the same reasons. The addition of a pressure servovalve

curve fit option and a reference transducer interface are planned improvements to the

device.

Several options would make the pressure controller more appealing if many

instruments of this type were produced. All hardware could easily be included in one

chassis, but the capability to control a remote pressure would remain. The addition of

standard communication interfaces such as IEEE-488 or RS-485 and more choices of

pressure units and user-scalable units would be desirable as well. Also, the instrument

could be less expensive to manufacturer by reducing the number of printed circuit cards,

machining a single piece solenoid valve block and replacing the fi"ont panel controls with a

membrane switch panel and liquid crystal display.

In summary, the pressure controller has reduced the time required for calibrations

in the transonic wind tunnels at the AEDC. Efficiency has been improved while improving

the accuracy of setting and maintaining calibration pressures. The instrument also provides
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many new and useful features and can be modified in future versions. The author knows of

no other pressure controller that supplies the quantities of gas, contains the features and

controls pressure to such accuracy as the device presented in this thesis.
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SET ANALOG

TRANSDUCER CONSTANTS

TO DEFAULT VALUE

c START

INITIALIZE CONSTANTS

VALVE SETTINGS &

FEEDBACK DEVICE

^ ARE ANALOG ^

TRANSDUCERS

CONSTANTS WITHIN

EXPECTED RANGE?

NO

YES

REQUEST 0 PSI

CALL PRESSURE

REQUEST SUBROUTINE

YES
OUTPUT TO FUNCTION DISPLAY AND

REQUEST DISPLAY, LOOP COUNT=I

NO IS LOOP

COUNT=27

READ VOLUME INDICATOR

AND CALCULATE NEW GAIN

READ VALVE, FEEDBACK DEVICE
AND MANUAL/REMOTE SWITCHES

YES/ IS VENT

\REQUESTED?
INCREMENT

LOOP COUNTER

NO

NO/ IS MODE \YES
\ MANUAL? /

©
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READ PARALLEL

COMMAND INPUT

/'IS A REMOTE >

LOAD COMMAND

V PRESENT? >

YES

' IS REQUEST ^
FOR A PRESSURE

.  SETTING? .

COMMAND VALVE SETTINGS

& UPDATE DISPLAY LEDs

YES

SET UNITS &

FEEDBACK DEVICE

CALCULATE NEW

PRESSURE REQUEST

THE

YES SET PRESSURE

REQUEST TO ZERO
PRESSURE■ REQUEST

THAN 217;GREATER

PSFOR PSI?

NO

CALL PRESSURE

REQUEST SUBROUTINE
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SET FEEDBACK DEVICE

& DISPLAY CONSTANTS

IS UNITS

BUTTON

PRESSED?

YES

NO

IS SIGN

BUTTON

PRESSED?

YES

NO

IS CLEAR
YES

BUTTON

PRESSED?

NO

' IS INCREMENT "

POSITIVE BUTTON

PRESSED? .

YES

TOGGLE UNITS

TOGGLE SIGN OF

PRESSURE REQUEST

SET PRESSURE

REQUEST TO ZERO

ADD+flOOO.IPSFOR

+00.001 PSI TO

PRESSURE REQUEST
WITHOUT EXCEEDING

I5.IPSIDOR2175PSFD

NO

© ©
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ADD-0000.1 PSF OR

-00.001 PSI TO

PRESSURE REQUEST
WITHOUT EXCEEDING

15.1PSIDOR2175PSFD

^ IS INCREMENT ̂

NEGATIVE BUTTON

^  PRESSED? ^

YES

NO

IS NUMERIC

BUTTON

PRESSED?

CALCULATE NEW

PRESSURE REQUEST
YES

NO

IS PRESSURE

REQUEST GREATER
THAN 2175 PS:IS ENTER

BUTTON

PRESSED?

NO
OR PSI?

YES

YES

SETMSDTOO

CALL PRESSURE

REQUEST SUBROUTINE

OUTPUT CONTROL & STATUS

BITS (SET UNITS LED)
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READ ANALOG TRANSDUCER

CALCULATE PRESSURE READING

USING SELECTED CONSTANTS

IS THE

WORKING STANDARD

SELECTED?

YES

READ WORKING

STANDARD PRESSURE

TRANSDUCER

CALCULATE PRESSURE

IS THE >

WORKING

STANDARD OVER

V PRESSURED? >

NO

YES

STORE CURRENT &

PREVIOUS READINGS
REQUEST OPSI

CALCULATE OUTPUT

PRESSURE ERROR

CALCULATE NEW

CONTROL VOLTAGE
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DISPLAY VOLTAGE

ON REQUEST DISPLAY
YESIS MODE

D/A VOLTS?

NO

DISPLAY PRESSURE

ON FUNCTION DISPLAY

OUTPUT NEW

CONTROL VOLTAGE

DISPLAY LEAK RATE

ON FUNCTION DISPLAY
IS MODE

LEAK RATE?

YES
DELAY 100 mS

NO

USE CURRENT &

PREVIOUS READING

TO CALCULATE THE

LEAK RATE

IS LOOP

COUNT=100?

YES

NO

INCREMENT

LOOP COUNT

IS MODE

LEAK RATE?

NOYES

' IS MODE '

TRANSDUCER

.  ZERO? .

DISPLAY PRESSURE

ON FUNCTION DISPLAY

IS ENTER

REQUESTED?
NOYES

YES
NO

STORE CURRENT

READING AS THE

NEW ZERO OFFSET FOR

SELECTED TRANSDUCER

DISPLAY PRESSURE

ON REQUEST DISPLAY
DISPLAY VOLTAGE

ON FUNCTION DISPLAY

IS MODE

AD VOLTS?

YES

NO
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IS MODE

ANALOG

TRANSDUCER

CALIBRATE?

DISPLAY PRESSURE

ON FUNCTION DISPLAY
NO

YES

IS

GOCAL

TRUE?

IS ENTER

REQUESTED?
NONO

YES
YES

SET GOCAL=TRUE &

COMMAND +12.000 PSID

IS PRESSURE

REQUEST
POSITIVE?

NO

YES

IS ENTER

REQUESTED?
IS ENTER

REQUESTED?
NONO

YESYES

CALCULATE AND STORE

NEW CONSTANT FOR

POSITIVE PRESSURE ON

SELECTED ANALCXJ

TRANSDUCER.

CALCULATE AND STORE

NEW CONSTANT FOR

NEGATIVE PRESSURE ON

SELECTED ANALOG

TRANSDUCER.

SETGOCAL=FALSE

COMMAND -12.000 PSID COMMAND 0.0 PSID
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INPUT CONVERSION

VOLTAGE ACCURACY

-5.0 -5.000

-4.0 -4.000

-3.0 -3.000

-2.0 -2.000

-1.0 -1.000

0.0 0.000

1.0 1.000

2.0 2.000

3.0 3.000

4.0 3.999

5.0 4.999

Table 1. Analog to Digital Converter Accuracy
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INPUT CONTROL COMPLIANCE

VOLTAGE CURRENT (mA) VOLTAGE

-10.0 -24.998 -12.109

-9.0 -22.498 -10.878

-8.0 -19.998 -9.658

-7.0 -17.498 -8.444

-6.0 -14.998 -7.230

-5.0 -12.499 -6.020

-4.0 -10.000 -4.813

-3.0 -7.500 -3.609

-2.0 -5.000 -2.405

-1.0 -2.500 -1.203

0.0 0.000 0.001

1.0 2.500 1.203

2.0 5.000 2.406

3.0 7.500 3.611

4.0 10.000 4.816

5.0 12.498 6.024

6.0 14.998 7.236

7.0 17.498 8.449

8.0 19.998 9.664

9.0 22.498 10.884

10.0 24.998 12.100

Table 2. Voltage to Current Converter Accuracy
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INPUT INDICATED

PRESSURE PRESSURE

-15.0 -15.007

-12.0 -12.001

-9.0 -8.997

-6.0 -5.996

-3.0 -2.998

0.0 0.000

3.0 3.000

6.0 6.002

9.0 9.004

12.0 12.002

15.0 14.994

Table 3. Analog Transducer Accuracy
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