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Abstract
The Damage Dosimeter has been designed to fill a void in commgesiallable data recorders.
The United States Air Force often has the need to measure structural strains and temperatures on
in-service arcraft in order b dagnose difficult-to-analyze structural conditions, such as high
cycle fatigue. © perform these functions a rugged, small, and lightweigh& daguisition urit
called the Damage Dosimeter has been constructed. Running off ofy adieer in an
autonomous fashion the Damage Dosimeter measures 3 channels of strain at sample rates as high
as 15 kilo-samples per second and a sghannel of temperature. The Damage Dosimeter
merges the functionajitof both tke analog signal conditioning and a digital single board
computer on a single 3.5 imdy 5 inch card. Th entire unit (sans battery) weighs lessrtHa5
Ib. and fits in the palm of your hand. This paper will discuss the motivation and requirements for
the Damage Dosimeter, along with averview of the design and constructi Finally, the
software, operational modes, and sample data will be presented.




OVERVIEW

The United States Air Force (USAF) has funded the design, construction, and testing of the
Damage Dosimeter as part of the Durapiftatch Program The Durabiliy Patch Program’s

goal is to develop repairs for secondsiructuré that restore structural integriand increase the
structure’s damping in the repaegion. Increask damping leads to reduced resonant response
and a repair that will outlive éharcraft, as opposed to a repair that will need replacémmea
thousand flight hours. In order to design a repair with effective damping properties, the in-service
structural strains and temperatures must be known, since damping material properaes ar
function of both frequencand temperature. The Damage Dosimeter allows an engineer to easily
instrument an in-serge arcraft to obtain the structural characteristics necgsgarproperly

select damping materialspé design a repair wit ogimum effectiveness An owverview of the
Durability Patch Design Process is shown in Figure 1.
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Figure 1: Durability Patch Design Process

The process in Figure 1 shows the steps in an iddaizeedure ¢ design and install a high-
cycle fatigue repair The Damage Dosimeter is necegsty gather the design information

! Secondary structure is not safefyflight critical. Typically ths rt of structure does not carry very high loads,
and is often minimum gage.



(structural strain and temperatufer the repair, and can al$e used to check ¢hdfectiveness

of the repair afteit is installe. In oder to minimize the impact on an aircraft's normal
operations, the Damage Dosimeter is a stand-alone device that does netaemaft power or
cooling. This greayl reduces ta anount and sevegitof modifications to th arcraft in arder to

use aDamage Dosimeter, and gregatéduces tb anount of effort and calendar time required to
fly additiond instrumentatn ona military aircraft. In addition @ being battey powered, the
Damage Dosimeter operates autonompaghin, a measure designed to reduce interference with
the arcraft and its crew once the Damage Dosimeter is indtal@nce installed the Damage
Dosimeter checks the sensors at a preprogrammed interdatermine if dad aquisition is
necessary. The raw data are low freqyestauctural temperature (approximatéHz), and high
frequeny (approximatel 10kHz) structural strainsThe processkdata ae strain time histories

of RMS values n pre-definel 1/3-octave bandsThis is a valid approach for high cycle fatigue
situations where the structural response is tygiaadirrowband and randomData gathering
time is limited by the quanty of memory The stand-p time is limited by battey capacity.
Data B gored n nonvolatile memory;no data is los if the battey is depleted. A PC then
downloads the data gatheredaatonvenien time. This data is given to the DurabyliPatch
design enginaefor use in selecting the best visco-elastic damping material properties, and for
designing the optimum overall repair [1].

Optionally, the Damage Dosimeter can be left on the aircnafg-mstalled after th arcraft has

been repaired to veyithat the repair does achieve its objectives. The repair effectiveness can be
demonstrate by either comparing the befrand after strain magnitudes in centdl/3 octave
bands, or  computing structural damping from the raw time histories and comparing the before
and after structural damping properties.

At the outset of the DurabiitPatch program a suryef existing commercial data recorders and
loggers [5] did not yield a Commercial Off The Shelf (COTS) product that could:

* Record three channels of strain data from 5 kilo-samples per second (ksps) to 15 ksps.

* Meet our weight and size goals of 1.5 Ibd&Binches ly 5 inches lg 1 inch for the
Damage Dosimeter (same goals for the battery).

* Operate on battgpower for at least a week.

» Perform complicate data analysis Multiple Discrete Fourier Transforms (DFT) are
performed for each data processing cycle. A relatifsedt DSP is required to get the
required performance.

* Provide the necesgallexibility (programmability) for differing applications.

The Durabiliy Patch Program set buo develop its ow data aquisition computer, and
nicknamedit the Damage Dosimeter, since one of its outputs is a measure of cumulative
structural damage.

The Damage Dosimeter monitors three strain gages and a temperature $aessirain gages
are onfigured in an Anderson loop with constant current excitatibhese four channels of
analog dad ae mnverted ¢ dgital data The digital data are tiheprocessd by a digital signal

processp (DSP) and stored in flash memory. Data downloadl grogram upload is



accomplishd via @@ RS-232 connection to a PQA block diagram of the Damage Dosimeter
functionality is shown in Figure 2.
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Figure 2: Damage Dosimeter Functional Schematic

REQUIREMENTS

In addition to the usuidechnical requiremestsich & sample rates and passband frequencies,
the dosimeter was designed with an additional set of user-requirements. These requirements do
not directy improve the performance of the dosimeter. Rathery tep insure thiathe
dosimeter will actuajl be used in the futureylimaking the dosimeter as easy, and efficient as
possible ¢ use. The biggest obstacle in instrumenting an aircsahaking modifications to the
aircraft electronics, ever tdraw power. Requiring thahe dosimeterun df of battey power
eliminates tle oncerns associated with integrating new electronics on an existing aircraft.
Additional requirements on dosimeterdalattely size and weight help insure th#he dosimeter

can be used on as myadifferent aircraft as possible. Lastly, requiring that the dosimeter operate
with upto 50feet of strain gage lead wire lengtimdalOOfeet of battey power cable offers the

end wser pleny of flexibility in finding suitable mounting locations for both the dosimeter and
battery.

Operational requirementseaes follows the Damage Dosimeter must gather strdata from

three strain gages, this data must have-&rain resolution, sampled at 10kHaver the
frequeny range of 50Hzd 5kHz. The temperature data must 8- 2 °C, sampled at 1Hz. The
Damage Dosimetedata shall be time stamped (Date, Hour, Minute, Second). The Damage
Dosimeter data shall b a ‘once a second” representatn d the frequency, amplitude,
temperatue and time stamp of the instrumented area. The Damage Dosimeter shall store sample
time histoy data for peak strain for each channptak RMS strain for each channel and
minimum temperature in a Time Hisypiformat (storage of all raw data for that sample). The
Damage Dosimeter shall operate in fineustrial temperature range (-2D to +85C). The
Damage Dosimeter shall be able to operate in a sfandde for ten days, and be able to collect

ten hours worth of data anywhere in those ten days. The Damage Dosimeter data shall be capable
of communicating with a laptop PC, including data download. The operational software
(embedded) shall be written in the C-language, and compiled on and uploaded from a laptop PC.



DESIGN

DATA ACQUISITION

The Signal conditioning utilizes the Anderson Constant Current Loop [2] conditioning, shown in
Figure 3, to interface three strain gages to the analog to digital converter (ADC). The temperature
sensor current proportional output is measured across a series resister.
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Figure 3: Anderson Constant Current Loop Block Diagram

Strain Measurements

The Damage Dosimeter strain gages are resistive strain gagesharge in resistance in the

gages is proportiohdo the physical change of the lehgif the gage. The gage is intimately
bonded to the aircraft structure such that the change in the length of the gage is the change in the
material. The strain is equal to:

Strain = AR/Ry)/GF

WhereAR is the change in the gage,i®the nominal resistance of the gage, and GF is the gage
factar (provided by the manufacture).tlis the AR/Ry change in resistance ththe Damage
Dosimeter is to measure.

The three strain gages and a reference resigtomanected in series with airrent source (see
Figure 3). Tle aurrert in the loop is calibrated to gvavoltage drop across the 33Qeference
resistor of2 vdlts, this is equiato %2the ADC reference voltage. The voltage drop across each



gage passes though anlIRiKer to two amplifier stages [3]. The first stage accomplishes active
subtracton by replicating the voltage drop across the strainegdga point where it qa be
observed in series opposition across the reference resistor. The secendngibfies the
difference between the gage vokaand the reference voltage with an ampliff@ving a high
pass response. The reference voltage of the second stage is [(L&Z)YADE gage DC offset].
The scales st by the gain in the second stage. Thengdithe second stage is adjustabledb
single mmponent change (feedback resistor). The Damage Dosimeter at present has a full-scale
measurement of +/- 30Q8strains. The Anderson loop was used for its low power requirement
and the measurement’s independence upon lead wire length. The iostalfatihe Damage
Dosimeter will be different with each application. Thusage $ smplified if the lead wire
length does not affect measurement sensitivity.

Temperature Measurement

The temperature sensor is a two-terrhinéegrated circti temperature transducer that produces

an ouput current proportionao absolute temperature. For suppbltages between +4 V and

+30 V the device acts as a high impedance, constant current regulator passirfi J4in&ne
terminal of the temperature sensor is connected @oH2V supply. The other termihas
connected to analog common through &l&eries resistor. The voltage drop across th@ 1K
resistor is amplified with an instrumentation amplifier with a gain of ten. This is done to scale the
measurement and to produce buffered input for the ADC.

Digital Conversion

A single ADC converts the outputs of the signal conditionmd 2bit data. The multiplexing
and sample rate of the ADC is controllablethe DSP. The inputs to the ADC are low pass
filtered with an anti-aliasing single pole passive filter. The present desigdls pont is st to
5kHz. The filter is a simple RC network, so making a sirgimponent charegcan modify the
corne frequency. The reference for the ADC is generdiethe same voltage reference ttha
used to regulate the loop current. This is done to achievehgoh$g zero corrected ratiometric
measurement and to automatigatjust average strain gage output to mid-scale of the ADC.

The voltage of interest isp\= Vg - Vet
Vo=1(AR + Ry - I (Rrer)

When the reference resistor is equal to the nominal gage resistance:
Vo=1(AR)

The output of the ADC is the ratidf the voltag a the input (\4) divided by the reference
voltage for the ADC (Mep):
DATA = Vo/V apc-ref



Since the same reference voltage source is used for the ADC referenocedatainiine the set
point for the current loop:
DATA =1 (AR + Ry) — I(Re)/l (Rapc-rer)

Yielding as the data point:
DATA = AR/Ry

DATA PROCESSING

All data processing functions are perfodnen the Analog Devices ADSP-2181 chip. The
ADSP-2181 is a fixed-point processor that runs at 33Mhz and consumes a minimal amount of
powe for a DSP. The DSP contains 16k words of pnogreemoly on bard tre dip, allowing

the processorotbod its program from flash mempand load the program, in its entirety, into
RAM.

The data processing portions of the dosimeter programs are written in the C-language. Analog
Devices sells a developmerit tha includes a C compiler, assembler, linkerd grom-splitter.

With these tools, the dosimeter programs have loegelope onan Intel PC. Oyl a minimal

effort was madeat keep the dosimeter programs under the 16k word size limit so that program
paging and memgrallocation could be avoided. This effort involved using a shorter length DFT
and manuall performing the decimation in time operation. This effort saved 2048 words of array
space i reusing tle complex portion (which is all zeros) of the irip the high speed DFT
subroutines suppliedylAnalog Devices.

The remaining operations eara mixture of mosy integer and some floating pofntThe
fundamental operation isehomputaton o the Power Spectral Dengi{PSD), al® knovn as
the signal Autospectrum. The PSD isdefinition positive and real valued:

- 2 N
G 1) = IX(MF k=012,

Where

n=N-1

X[K] = Zx[n]e'”z”’mk“,k =012..N-1

Is the definition of the Discrete Fourier Transform (DFT). Once the PSD has been calculated, the
1/3 octave band RMS valuesrtée cdculated with a simple integration scheme. The dosimeter
uses the trapezoidal rule for this purpose.

The ADSP2181 tas 16k words of data RAM (in addition to the program RAM) allowing all
calculations to be performed in RAM. Ateloncluson d the data processing cycle, the output
is written to non-volatile flash memory.

2 Floating point operations are performed in software.



SOFTWARE

The Damage Dosimeter’s operational software program was written in the C-language to allow
the wde b be eaily maintained. Although the software ths embedded in the Damage
Dosimeter is C compileable the low level device drivers are written in asseod# for the
DSP. The device drivers are C callable. The device drivers were written in asterghbhge for
two reasons. First, tlgeare moe dficient and second tlyecan be reused in mandifferent
configurations mitigating the need be maintained. Téd enbedded code was designede
easiy modified since the use of the Damage Dosimeter will change gligbth application to
application. Each funain d the Damage Dosimeter was modularizedl grogram variables
(such 8 sample rate, etc) are visild the top-level program. Modificath d the Damage
Dosimeter's embedded code is accomplish® integrating new values for the program
variables. Integration of all modules is accomplishgddimpiling an executable program that is
uploaded to the Damage Dosimetea \a serial port. The Damage Dosimeter’'s operational
software resides in flash meng@o that it is modifiable in the circuit.

Apply Battery Power

Watch Dog NO
Timer
Expired,

Download Data
Upload Program
Reset Memory

Shopmode

Calculate
Background
Thershold

Get Data

Get Temperature |[<——————
Get Time
|

Calculate;
PSD, Max strain,
RMS, & Temp

Write SDR

FIGURE 4: Damage Dosimeter Software Flow Diagram



POWER SUPPLY — BATTERY

The Damage Dosimateequires+/- 12VDC. The analog front @d wses+/- 12V and the digital
back end runs or5V. The +5V is derived fron the +12V by a switching regulator on the
Damage Dosimeter board. Efficient opevatia low power draw, was a primaconsideration
during the desig of the dosimeter. As a result power consumptiduing data gathering
operations is less then two watts. In spite of the low power draw the oeegbraite the
dosimeter in temperatures as low 48°C drives the need for specializdatteries. Lithium
battey chemistries offer the highest engrdensities m primary (non-rechargeable) cells. After
running several cold temperature tests the Li-Mb@ltely chemisty was chosen. Aftefurther
testing, the Duracell D2/3A cells were chosen, prirgdoit their ability to withstand the large (2
ampere) in-rush currents. The batteries are not rechargeable but arg awaddbe and
inexpensive (about 3-ddlars per cell) 15 cells are requiredot pover the dosimeter through a
typicd mission. After each mission, the positive side batparck (10 cells) must be replaced.
The negative side pack (5 cells) can lasta@ missions. Figure 5 shows both the negative (in
the rear) and the positive (in the middle) packs. In the forefsoa single Duracell cell. If the
missions are shorter in duration, or moderate temperatures are experienced, thedoddkdast
significanty longer. The battgris housed in a COTS die-cast aluminum box lined with
polyethylene foam for vibration isolation.

Figure 5: Damage Dosimeter Batie€Cells



DAMAGE DOSIMETER OPERATION

The Damage Dosimeter has two modes of operation: acquisitioe amodshop mode. The
Damage Dosimeter does not dasassemblyor adjustmento switch between modes. Simply
plugging the suppliedserial communications cable into the Damage Dosimeter will force the
Damage Dosimeter into shop mode during the next power-up cycle. Acquisition mode refers to
the mode in which the Damage Dosimeter gath@messes, and stardrain and temperature

data. Shop mode refers to the mode in which a laptop computer can communicate with the
Damage Dosimeter, either downloading datauploading new programs. A simple program,
which runs on DOS, Window85, a Windows-NT, provides the user interface to the Damage
Dosimeter when in shop mode.

Although the Damage Dosimeter is programmable, we will describe in some detail how the
Damage Dosimeter programs function in their currarcarnation. The previeu sction,
discussing the Damage Dosimeter software, shows what portions of the sodtevaay to

modify and what parts should be left alone.

Acquisition Mode

When power is applied, @d noserial cable is connected, the Damage Dosimeter defaults to the
dat@ aquisition mo@ and waits for the watchdog timgWDT) to expire. The first power on

cycle dter the Damage Dosimeter has been reset performs a self-calibration. The Damage
Dosimeter collects 20 seconds wouf data (with the gages inactive)ndh ises that data to
calculate a background noise vdluBhe background value is then multiplieddprogrammable
variable, and used as the background threshold for the algorithm that decides if data collection is
warranted (power on/power off). &hcdibration cycle then refreshes the WDT and turns the
Damage Dosimeter off. When the WDT next expires (the WDT length is a programmable
variable) the Damage Dosimeter boots, gathers one set of data, enough for one SDR, and uses the
background threshold and the new data to decide if the gages are active. If the output of the gages
does not exceed the background threshold the Damage Dasrafegshes the WDT and turns

itself off. If the new dat exceeds the background threshold then the Damage Dosimeter starts
daia wllection. The new data is processed into the SDR format and stored in flashynremor
location panted b by the memoy manager. The Damage Dosimeter continues to collect data
until either the memagris full or the gage actiwtlevel falls below the background threshold for

ter? consecutive seconds. The ten consecutive seconds is used so that a bdetfpgage
inactivity does not cause the Damage Dosimeter to shutdown. If the Damage Dosimeter turns
itself off it will then revert backot povering on evey WDT period and checking the gages for
activity. When the memgris full the Damage Dosimeterilwturn itself off. It will then turn

itself on evey WDT period cetermine the memygris full and sht itself off. The Damage
Dosimeter will not overwrite previousktored data.

% The serial cable is special. Pins 5 & 9 on the Damage Dosimeter end of the cable are connected together.
* The background noise value is the average of the root mean squares of each data set.
® This value is programmable.
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Figure 6: Sample Dosimeter Raw, and Processed Data

Figure 6 shows a sample of low frequgdata acquired with the dosimeter. The upper plot is the
raw time series of a single strain gage. The lower iplthe 13 octave band RMS strain levels
for the time histoy shown.

Shop Mode

When power is applied, the Damage Dosimeter boots, and checks the status of the RS-232
connector. If the supplied serial cable is plugged into the Damage Dosimeter, then the Damage
Dosimeter enter dhop mode. The prograriloader, a DOS progma that will run on DOS,
Windows-95, and Windows-NTuses a simple menu-driweuser interface @ perform the
following functions:

* Downloa processed andforaw data fron the Damage Dosimeters non-volatile
RAM. The user has & coice of downloading justhe processk data, and/or
downloading raw time histories that are stored in a pre-defined location in memory.

» Download arbitray (user specified) portions of menyom hinary or hexadecimal
format.

* Download data from the Damage Dosimeter’s non-volatile SRAM.
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* Clear the Damage Dosimeter’'s memory.
* Modify the time of day, or date in the Damage Dosimeter’s real time clock.
» Upload new programs to menydo modify the Damage Dosimeter’s behavior.

Once the user has performed the necgdsactions with theFloader program, the progra is
exited, and the serial cable is disconnected. Thetmag the Damage Dosimeter boots itself it
will go into acquisition mode.
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