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Abstract

Commercial altimeters used for deployment exhibit lessthan perfed performancein
deploying at apogee The techniques used are cgable of getting in the neighbarhood d
apogeebut rarely get it exadly. Sometimes the arors are very large (several seamnds)
which resultsin higher dynamic loads on the recvery system.

The Kalman filter is applied to this problem with excdl ent results. A filter isfirst
designed and wsed on pe-recorded flight datato verify its operation and performance A
filter isthen designed for and used in an atimeter to demonstrate that a Kalman filter isa
goodfit to commonly avail able flight hardware.

Thefilter provides excdlent results:

1.
2.
3.

Accurate gpogeedeployment time.

Apogeedetermination immune to transonic dfeds.

Provides reasonable acaracy at altit udes exceading the presaure sensor range by
falling bad to using only the accéeration measurement.

Accderations excealing the accéerometer’ srange do nd effed acaracy of
apogeetime.

Worksin a ommmon low end micro-controll er.
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Introduction

In my research and cevelopment report presented at NARAM 44,1 described the
development of a Kalman filter designed for use with presaure dtitude data. Thefilter
was tested using previously recorded flight data and showed goodresults at deteding the
time of apogee For future work | stated that | wanted to extend the filter to also use
acceeration measurements and implement the filter on flight hardware. This paper
describes those dforts.

My goal for this projed isto show that a Kaman filter does a better job d deteding
apogeethan aher agorithms. | aso want to show that even though the Kalman filter
requires considerably more cmputation than typicd apogeedetedion algorithms, it can
be used in low end micro-controllers typicd of what is used in commercia atimeters.
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Background

The dgorithms currently used by commercial deployment altimeters give variable results.
Sometimes they work quite well but other times they do nd. As demonstrated by the
flight data from my first report. Two flightsin particular convinced me that better
methods were required. The first was alevel 3 cetificaionflight by Dave Schader. His
rocket used a RRC2 (barometric) and a RDAS (accéerometer) atimeters for deployment.
The RRC2 deployed 2 seconds past apogee ad the RDAS did nd fire ather of its
gjedion charges urtil after the rocket had landed. The secondflight was of my model of a
PAC-3 misdgle onaK motor. This rocket used two accéerometer based atimeters
(AltAcc and RDAS) which bah deployed quite late. Thisflight exhibited a pronourced
pitch oscill ation which was the primary cause of the late deployment.

My first report discussed in some detail the problems associated with using a barometric
presaure measurement to deted apogeeso | will not reped that here. | will i nstead focus
onthe problems with using an accéerometer.

The method sed to deted apogeeusing an accéerometer isvery simple. Integrate the
measured acceeration duing flight (after removing the constant effeds of gravity) to get
velocity. The time when the vel ocity changes from pasiti ve (upward motion) to negative
(downward motion) is used to determine the moment of apogee The major problems with
this method are sensor off set and the treament of two vedor quantities as sdar.

Sensor Off set

The integrating accéeration algorithm is very sensitive to any bias errors. Thisis becaise
the e@ror acamulates with ead iteration thus increasing the magnitude of the aror with
time. The primary sourceof biasis from the determination d the force of gravity.

The zero off set of accéeration sensors used in atimeters (Analog Devices ADXL150 o
equivalent) changes with temperature and the age of the sensor. Thereforeit isnot
possbleto use apreprogrammed value for the off set. The off set must be measured after
the dtimeter isturned onand prior to the beginning of flight. Most commercial atimeters
perform arunning measurement of this off set that ends when the flight begins.

Offset error will beintroduced if the rocket is nat setup and launched from a perfedly
verticd diredion. The maximum error in the off set (assuming the 20 degree angle from
verticd maximum in the safety code is not excealed) will be 6%. Off set errors can also
be introduced if the sensor is not perfedly aligned with the long axis of the rocket. These
errors aretypicdly small asa5 degree eror in aignment resultsin a0.38% error in the
measurement.
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The sensitivity of the sensor (unit of accéeration per volt of output) also varies with
temperature but does nat effed the performance of the dtimeters. Thisis becaise the
dtimeters never convert their measurements into engineeaing units (meters/sedsecfor
example) and leave them in the form of Analog to Digital Converter (ADC) courts.
Because the aiteriafor apogeeisthat the integrated value returns to zero (where it
started) the acual magnitude of ead measurement is not important just so long as they
are onsistent throughou the fli ght.

The 1G off set must be measured with grea predsion kecaise small errorsin the off set
cause large arorsin apogeetime. For example, the Analog Devices ADXL150
acceerometer is commonly used in atimeters. This device has anominal sensitivity of
38mV/G. When combined with a 10 bt ADC (a common resolution) thereisa +- %2 LSB
uncertainty in the measured value or 5000mV/1024counts/ 38mV/G or +/- .064G
uncertainty in the off set. Thisdoesn’'t seem like much bu because of the integration
process it acaumulates to significant values. In atypicd 20 secondflight, the uncertainty
in velocity resulting from the off set uncertainty is +/- .064G * 32ft/sedsec* 20 sec = +-
41 ft/sec Becaise dragislow, the primary acceeration onthe rocket isthe 1G from
gravity so thistranslates into a greaer than +/- 1 seand urcertainty in the gpogeetime.

The off set can be measured with greder resolution by averaging many samples together.
Thisworks becaise the accéerometer generates a significant amount of randam noise
which dthersthe ADC realing aroundthe true value. SeeAppendix D for more
discusson d noise.

Non Vertical Flight

The primary source of error isfrom non \erticd flight paths. This canna be compensated
for withou the use of afull blown inertial measurement system (three &is measurement
of accéeration and rotation). An articlein High Power Rocketry® discusses this problem
but the treament islimited. A program was creded to simulate high angle flights but the
program starts its smulation after motor burnout. Flight tests were cmnducted bu the
recrded data was compared with the simulation and noattempt was made to measure
apogeedetedion performance

The problems asociated with non \erticd flight are the result of treding two vedor
guantiti es (magnitude and dredion) as sdar values. The two vedors are the measured
acceeration and gravity.

! Cumming, Duncan, “Non Verticd Flight and the Combridge IA-X95
Accderometer”, High Power Rockery, August 1996, pp 337.
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Gravity aways adsin the same diredion: down. But the rocket is not constrained to keep
itsaccéerationin a perfedly up dredion. The result isthat the two vedorsare ading in
different diredions.

This causes problems when the time cmes for the dtimeter to perform itsintegration. It
needs to integrate the measured accéeration bu must first subtrad the accéeration dieto
gravity from this. These ae both vedors but becaise their relative diredions are not
known, they are treaed as though their diredions wereidenticd. Thisresultsin errorsin
the integrated value. There ae two ways to look at this stuation.

= Glenn
LUYEY  Acceleration During Powered Flight Research

Center
I
Vertical -v | [ Flight Path
MNewton's second law of motion
Force = change in momentum kb

change in time

Horizontal - h
For a constant mass: Vertical:
Force = mass x acceleration feat -
N a(t) =[T(®) - D] sinb - w
m
Using algebra:
;(T) ?ﬁl Drag Horizontal:
= D a, ) = [T®) - D] cos b
Thrust L]
T

Figure 1, Accderation vedors. From NASA web page:
http://www.grc.nasa.gov/\WWW/K-12/airplane/rktapow.html

Thefirst viewpaint isthat the dtimeter is attempting to determine the time of apogee In
this case the pre-launch value for the 1 gravity off set is corred. But the measured
accéerationis not necessarily aligned with the verticd. This misalignment resultsin
integration errors.

Figure 1 shows that the measured accéeration (thrust minus drag) must be wrreded by
the sine of the angle of flight. Sincethe dtimeter has no knawvledge of thisangle, it
asumes avalue of 90 degrees (vertica). Non werticd flight will result in the value used
being too large.
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During the boost phase of the flight, thrust exceeds drag. Therefore if the flight angle is
non vertical, the value integrated is too large and the integrated velocity will be too high.
Because the velocity is larger than it should be, it will take longer for it to decrease to
zero in the coast phase resulting a late deployment.

During the coast phase, there is no thrust. Now if the flight is non vertical, too much
acceleration from drag will be subtracted from the velocity integral. This tends to result in
the velocity integral reaching zero (and apogee) before it should.

Because the error in the boost phase tends to result in late deployment and coast phase
errors lead to early deployment you might assume that they cancel each other. They do
not. The total error from each phase is a complex function of the measured acceleration
and flight angle. Only if these match each other exactly will they cancel out.

During most flights the rocket is observed to “arc over” and is typically in a horizontal
attitude at apogee. Obviously this means that there is a large difference in the direction of
measured acceleration and gravity. But the errors introduced by this effect are moderated
because the rocket is slowing down. Because drag is proportional to the square of
velocity, the resulting drag is very small as the rocket approaches apogee. Even though
the magnitude of the angle error is very large, the drag is very small resulting in a small
net error in the velocity integration.

The other point of view is that the altimeter is attempting to find the time when the
rockets velocity is at zero. Now it is the measured acceleration that is correctly aligned
but gravity that needs to be corrected by the sine of the flight angle.

If the flight is non vertical, the value used by the altimeter for gravity will be larger than it
should be because it is not corrected for the flight angle. This results in the velocity
integral reaching zero before the rockets velocity reaches zero. (Because of the trajectory,
this is actually a minimum velocity instead of zero.) Thus deployment is always early.
This analysis is confirmed by Table 2 in another High Power Rocketry article®. This table
shows for various launch angles the minimum velocity and time, velocity at apogee and
time, and velocity and time of altimeter apogee. It shows that for angles of 20 degrees
from vertical or less that the difference in velocity at apogee from the minimum during
flight is very small. It is hard to tell the significance of the altimeter data because the
conditions were not fully specified. The article does not indicate if the altimeter 1G offset
is determined with the rocket at the launch angle or not.

* Scott Bartell and Konrad Hambrick, “Rocketry Electronics Revisited”, High
Power Rockery, May 2000, pg. 36.
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Rockets which exhibit pitch oscill ations during flight will creae large arorsin the
velocity integral. Thisis demonstrated by the data from the flight of my PAC-3 rocket.
(Seeprevious R&D report.) Both altimeters were several seconds late.

Err or Summary

The accéeration measurement is prone to awide range of errors. These aceamulate in the
velocity integral and rever vanish. Some of the aror sources can be mntrolled (off set,
and alignment) but there is noway to control the dfeds of non \erticd flight. An
acceeration based altimeter simply canna deted apogee The best it can provideis an
estimate that isin the neighbarhood d apogee

The accéerometer based altimeter is adversely effeded by non \erticd flight but it
doesn’'t have any troulde with supersonic flights. The barometric sensor adually measures
the rockets altitude and is thus perfed for determining apogee But it has svere problems
with supersonic flights. Perhaps they could bah be used to utili ze their strengths and
minimize their problems.

The obvious technique is to use the accéerometer to estimate velocity and use the
velocity to prevent the barometric system from functioning until the velocity had
deaeased well below Madh 1.But this methodthrows away valuable information: we
know something about how the rocket is moving. It must foll ow the basic laws of
dynamic motion.

The Kalman filter combines amodel of a dynamic system with measurements of that
system to produce an optimal estimate of what the system is doing. The dynamic model is
used to relate the measurements and eff edively as a third measurement.
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Kalman Filter

The Kalman filter has along history of applicaion to rocket and missle guidance dating
badk to the 19609s. Whil e the theory behind the filter isfairly complex, the basic ideais
quite simple: combine amodd of a dynamic system with ndsy measurements of that
system to produce an optimal estimate of what the dynamic system isdoing (its gate). A
full understanding of the Kalman filter requires knowledge of randam variables and state
variable cntrol theory. Happily, these were the only non-eledive murses required by
Oklahoma State University for my Masters degreein Eledrica Engineeing.

The Kalman filter using just a pressure measurement | developed in my previous report
showed atendency to be dlightly ealy in its apogeetime. This was the result of using a
constant acceeration model when the accéeration was constantly deaeasing as velocity
(and the resulting drag) deaeased nea apogee The filter was constantly trying to cach
up with the acual acceeration. The filter resporse was dowed becaise the model noise
value used was made very small to prevent transonic presaure dfeds from causing an
ealy deployment.

One way to improve thiswould be to include drag in the dynamic model. But this
introduces problems of its own. The first is that the Kalman filter only works with linea
systems and becaiuse drag depends on velocity squared, this makes the model nontlinea.
There ae extended versions of the Kalman filter for nonlinea systems but they are fairly
complex. Using the extended Kalman filter also requires much more cwmputation kecaise
the gains no longer converge to constant values and is beyondthe caoabiliti es of most
inexpensive micro-controll ers.

Because many recording atimeters have bath presaure and acceeration sensors, | have
dedded to use both measurements in the Kalman filter. | believe that thiswill provide
better performance than the presaure only filter.

Thefirst step in producing a Kalman filter isto derive amodel of the system in question.
In the case of arocket in flight, | have diosen asimple model which assumes that the
acceeration d the rocket is constant. The accéerationis adually never constant but nea
apogeewhere velocity islow and drag is minimal, it is very nealy constant.
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Themodel used is:

Ay — &
— *
Vipe = Vi T8, Dt
Dt?
— * *
Seet — St TV, Dt+at 7

Where:

aisacceeration

v isvelocity

sisposition

tistime

) tisthe time between samples

a, v, and s congtitute the state of the system.
The Kalman filter equations® are:

System mode!:
X = F -1 X1 T Wiy

M easurement mode!:
Z, = Hkxk TV,

X, isthe state of the system at step k
M, isamatrix which transforms the system state & time k-1 to time k

w, represents the naise in the system model

Z, isthe measurement

H, transforms the system state into the measurement
v, isthe measurement noise

The measurement model refleds the fad that it might not be possbleto dredly measure
the system states but that there is away to transform the system states into the
measurement. It also includes the measurement noise.

2 Gelb, A. Editor. 2Applied Optimal Estimatior?, The M.I.T. PressCambridge
MA, 1974, g. 110
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These egquations are the basis for the acual Kaman filter. Thefilter equations are usually
expressed as thouwgh there ae two stepsin the process Thisisrefleded in the use of (-)
and (+) to modify the step k. Thefirst step uses the state transition matrix F to
extrapolate the previous g/stem state to the aurrent time.

State estimate extrapalation:
Xy = F Xy

State estimate upcete:
Xy = Xy TR 8- HX i

The state extrapalation predicts the aurrent value of the state using the previous gate and
the state transition matrix. The update uses the diff erence between what was measured
(z) andwhat was expeded (H,x,.,) multiplied by again matrix to form a @rredionthat is
applied to the system state. Thisis usualy cdled a predictor- corredor form.

This sans pretty simple but the computation d the gain matrix is anything but simple. It
is constrained to have avalue which minimizes the variancein the system state eror
which leads to considerable computation.

Error covariance etrapalation
— T
Pk(-) F P 1(+) T O

Error covariance update
P :[l - Kka]Pk(-)

Kaman gain matrix

1
= ByHi 8P Hi +RH

(Note: The superscript @T° indicates a matrix transpaose operation and a superscript 1" is
matrix inversion.)

Thisintroduces sveral new matrices. The P matrix holds the estimate of the noise
statistics (covariance) for the system state, Q contains the model noise mvariance R
contains the measurement noise variance and K is the Kalman gain matrix. Thefilter
estimates the noise statistics of the state estimate so that it can be used in determining the
gains.

As an example of why thisis dore, consider the cae where you have two nasy
measurements of the position d avehicle. Youwould like to combine these two
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measurements in such away as to provide the best estimate of the pasition. In the dsence
of any additional information, the best you can doisto average the two measurements.
But if you have some knowledge of the noise in ead measurement you can do |etter. By
weighting the measurement with lessnaise more highly, you get a better estimate. Thisis
what the Kalman filter isdoing but in amore complex situation. It uses the estimate of
the variancein the state and the variancein the measurements to determine how to
combine the two to provide the best estimate. In this case best® means that the least
squared error is minimized.

The equations were not too kad urtil the last one. Thisincludes amatrix inversion which
isfairly time consuming. The number of operations required to compute amatrix inverse
is propational to the aube of the matrix dimension. So a 4X4 inversion takes eight times
aslong asa2X2inversion.

These equations are for the general case so naw | will fill i nthe values for this particular
cese.

&5, 0
xkzgvkz
éaka
2
aor L2
2+
Fk:gO 1 T—
0 0 17
g 5
@ 0 00
"8 0 1,

The H matrix is very simple because the measurements match two of the system states
exadly. Thisishandy becauseit simplifiesthings. Because it is a2x3 matrix, the matrix
that must be inverted in the Kalman gain equationis only a 2x2 matrix so the inversionis
quite eay. Because it ismostly zeros, the cdculations are grealy smplified. It iseven
easier when only the presaure measurement is being used as the matrix to beinverted is
then alX1 andtheinversionistrivial. If | were using a program like MATLAB to
perform my cdculations thiswouldn't be important as MATLAB hand es matrixes quite
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simply. But | am coding the filter diredly in C (or assembly) so kegoing things smpleis
definitely aplus.

One question which must be answered isif the systems dates can be determined (are
observable) with the dhosen measurements. The aiteriafor thisisthat the matrix*:

SHT‘FTHT‘...KFT)HHTB

(where nisthe number of states) must be non-singular. This means that the matrix is of
rank n.

e e ué y u
o1 o €1 0 oUe1 0 oUal ogyY
e e ue Ua u
0aT 1 eT 1 0peT 1 0gD 04U
& - & U2 Ua u
1éT_ T al” T 1L'JéT_ T 10@ 1 U
2 &2 0é 2 0 g

(D:8) D %(D>|Q> D D> ('D)o(D> 8 (D|)£D> D
o
D
= N
o

Which isof rank 3and nonsingular. (Rank can be determined by using linea operations
onthe rows. When you have reduced as many rowsto all zero values as you can, the
number of remaining non-zero rows determines the rank.)

If only the accéeration measure were being used then the measurement matrix H would
be:

H=[0 0 1]

And the observability test resultsin:

“ Gelb, A. Editor. 2Applied Optimal Estimation?, The M.I.T. PressCambridge
MA, 1974, g. 68
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@ 0 0y
. G
9 0 0y
gl 1 1y

Which is of rank 1 and thus the system states are not observable.

A similar exercise for just the pressure measurement results in:

¢ :
& 1 1
e u
H T 2Ty
2) 2 U
o L o1
e 2 u

Which is of rank 3 and the system states are observable.

The observability test shows that a filter using just the pressure measurement or pressure
and acceleration measurements will work and be able to measure all of the systems states.
A filter using just an acceleration measurement cannot determine the velocity and
position states and thus is not suitable for use.

The model covariance matrix is simplified by assuming that all of the model noise is in
the assumption that acceleration is constant. This is the one aspect of the Kalman filter I
am unsure about. The texts I have looked at do not discuss model noise much nor do they
provide good examples.

® 0 006
Q=50 0 0=
S 0 s

The measurement covariance is also pretty simple. The off diagonal elements are zero
because the measurements are independent of each other.

& 0 00
R,=¢0 0 03
S0 0 s;g



Application of the Kalman Filter to Rocket ApogeeDetedion 16

While | kept the subscript for these matrixes, except for the system state they are dl
constant. Because they are mnstant the Kalman gain will converge to a amnstant value.
This allows for the gain to be pre-computed and then only the state extrapalation and
update equations neal to be used when running the filter. Thisis what all ows a micro-
controller to be &leto use aKamanfilter.
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Testing Using Recorded Data

In order to test the performance of the new Kalman filter, | modified my existing Kalman
filter code to include the accéeration measurement. SeeAppendix A for the program
listing. | then tested this filter on a number of previously recorded data sets. The
performance of the filter was astonishingly good.As an example, Figure 2 isaplot of data
from the flight of my PAC-3 rocket. This data set is particularly useful becaise the flight
exhibited pitch oscill ation, presaure anomalies, and deployment was very late which gives
the filter uncorrupted data well past apogee

5640 80

T
Kal31 altitude ———

. -1 60
a620 + kal32 altitude ——— |

kal31 velocity

kal32 velocity

5600

5580

fest
ftfsec

5860 H

2540 Ay

8520

5500

seconds

Figure 2. Kaman filtered data from PAC-3 flight

Thisplot isfairly busy asit has alot of information. The noisy green lines are the raw
barometric dtitude withou any filtering. Thisisin the plot asareference Theredlineis
the dtitude filtered through the presaure only Kalman filter (the 31" stands for athree
state, single measurement filter). The blue line is from the new filter. (332" stands for three
state, two measurement filter) The purple line is the velocity estimate from the presaure
only filter and the blac line is from the new filter.
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The new filter produces a much smoather result than the old filter. Which isinteresting
because the value | used for the model noise in the new filter is much larger. Thiswould
tend to cause the Kalman gains to favor the measurements more which would result in less
smoath results. But because the new filter includes the accéeration measurement, the
results are better. To try and uncérstand what is happening, here ae the gains used by the
filter.

Presaure dtitude Accderation
paosition 0.004587 0.004520
velocity 0.000216 0.000036
acceeration 0.002018 0.095108

The two columns are for the @rredions based onthe diff erence between the estimated and
measured values. Each row shows the gain which is multiplied by this difference and then
applied to the estimated value.

Ascan be seen, the gain for the accéeration corredion to the estimated accéerationis by
far thelargest. This diredly refleds the relationship between the accéeration measurement
noise and the model noise used. Note that the gains for correding the velocity estimate ae
quite small. Thisisthe caise for the smoothnessof the aurve becaise thefilter isplaang a
high level of confidencein the model.

The Kalman filter also produces an estimate of the noise statistics for the state variables.

Altitude Velocity Accderation
1.016fed 0.635fed/sec 1.850fed/sedsec

Thisisthe standard deviation and is much better than the noise in the sensor data. Which |
meeasured at 15 fed for the dtitude and 6fed/sedsecfor the accéeration.

The improvement in apogeeperformance using thisfilter over the presaure only filter is
very small. Both doagoodjobin determining the time of apogee The main dfferencein
performanceisin estimating velocity. Figure 3 shows the velocity estimate for both filters
from launch to apogee
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Figure 3, Velocity estimate from presaure only Kalman filter (Kal31) and presaure plus
accéeration Kalman filter

The velocity estimate is gredly improved by including the accéeration measurement in
the ealy part of the flight. Thisis expeded because the primary limitation d the dynamic
model isthat accéerationis constant and thisis the period when acceerationis changing
the most.

| used thisfilter on data from many diff erent flights and the results all | ook abou the same.
One thing that becomes apparent when looking at these plotsis that estimating how well
thefilter is performing in determining the time of apogeeis sSmply aproblem in deading
when apogeeredly happens. The only data avail able to make that determinationisthe
presaure data and it hasits limitations. Dedding the prease moment of apogeegiven the
high amourt of sensor noise is very difficult. But as nea as| am ableto judge, thefilter
hits the predse moment of apogee &ery time.

Ancther data set that is very interesting to look at is from avery high performance hybrid
motor powered rocket. The datawas recorded by an RDAS which was also recording GPS
(Global Positioning System) data. The things that make this flight interesting are the high
level of noisein the accéeration data, velocity excealing Madh 1, and altitude exceading
the range of the presaure sensor.
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Transonic flight resultsin anomalous datic presaure readings and | had to think about what
to doabou them. | finally deaded to use the Kalman velocity estimate to cause thefilter
to ignore presaure readings within alimited range of velocities. Within this velocity range,
the diff erence between measured and estimated altitude is not used to upcite the Kalman
filter state estimates. This prevents the transonic anomali es from corrupting the vel ocity
and acceeration state estimates. In addition the presaure dtitude measurement is copied
diredly to the dtitude state estimate. Thisis © that when the velocity fall s outside of this
velocity range there will not be alarge diff erence between estimated and measured
dtitude. The plot of the data from this flight (Figure 4) clealy shows this behavior.
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acceleration
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10000 -

2000 -
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seconds

Figure 4, High Performance Flight Data

Also obvousin thisplot isthat the range of the presaure sensor was excealed which
resulted in the measured dltit ude never going over 40,000fed. Thefilter code includes a
test to determineif the presaureislower than can bereliably measured andif it is, the
presaurerealing isignored. At this point the filter effedively fall s bad to being asimple
integrating acceéerometer. But it has the advantage of having most of the arorsfrom ealy
in the flight being correded by the dtitude data. This code uses an arbitrary altitude & the
threshold bu adual flight hardware can take into acourt the dharaderistics of the
measurement system to derive an oljedive threshald for ignoring presaure dtitude data.
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Because this data set includes GPSdatait is possble to compare the gpogeetimes.
Plotting the GPSaltitude data (Figure 5) shows that the maximum GP Sreported altitude
happened at alittl e past 54 seconds into the flight. The Kalman filter apogeehappens at
53.6semnds. Given the uncertainties in the GPSaltitude latency, | consider thisto be an
excdlent result.
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Figure 5, GPSdata from high performanceflight.

Thisflight used a hybrid motor which generated alarge anourt of vibration. Because of
flawsin the design of the RDAS, this vibration generated large anourts of noisein the
acceeration cata. Whil e the Kalman filter cleaned upthis noise fairly well, it is not
designed or intended for this purpose. It is vital that proper pre-sample filt ering be used to
prevent aliasing from corrupting the accéeration datainto uselessess SeeAppendix C
for adiscusson d sensor noise.

Kalman filter for the AltAcc

The filter works quite well with the RDAS but the RDAS samplesits data & 200SPSand
usesal0 bt ADC. What would happen if alower sample rate and 8 bt ADC were used?
Fortunately, | also had an AltAccon bard the PAC-3 which used an 8 it ADC and stores
data & 16 SPS After some quick changes to the Kalman filter code, | processed the
AltAccdata. (SeeFigures6 and 7)
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The data shows that the velocity goes negative & 20.25semndsinto flight. Thistimeis
diff erent than the result from the RDAS data but the two atimeters are running on
different clocks that are not synchronized. The only way to chedk onthisisto look for the
same event that appeasin bah data sets. For this| am using the gpogee ¢edion event.
The AltAcc reported that this happened at 23.875seconds. The accéeration spike for this
event appeas at 23.475semnds in the RDAS data. So the corredionfador isabou 0.4
seands and this makes the AltAcc gpogeetime be 19.85secnds based onthe Kalman
filter results.

Thisisnot too bad bu isn't that gred. The differencein timeislargely due to the ladk of
noisein the AltAcc presaure data. To help demonstrate this, | processed the RDAS data set
to change its samplerateto 20SPS

Deaeasing the sample rate by an integer fador isfairly smple. Just delete samples. To cut
the samplerate in half, delete every other sample. Thistechniqueisreferred to as
ddeamatior? &ter the old Roman punshment for alegionthat had dsgracel itself. (Pick
every tenth man in the legionand kil him.) Before reducing the sample rate by deamation
you must first runthe data through alow passfilter to prevent aiasing. But because the
RDAS does nat include an anti-aliasing filter, | chose not to dothis dep.

| deamated the RDAS data to a sample rate of 20 SPSand then processit using the
Kaman filter. Theresults are shown in Figure 8. Apogeeis dill deteded at 19.25semndks.
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Figure 8, Kalman filtered RDAS data decimated to 20SPS.

A local flyer had a problem on a flight where he forgot to change the acceleration range on
his AltAcc2C from +/-25G to +/-50G. The flight used an Aerotech 1435 motor in a
lightweight carbon fiber rocket. This resulted in the acceleration exceeding the range of
the accelerometer and a very early deployment. I processed this data using a Kalman filter
to see how it would perform. (See Figure 9.) While it isn’t possible to judge the filters
performance to apogee because of the very early deployment, it is possible to see how well
it is tracking altitude. When deployment happens at 10 seconds into the flight, the filtered
altitude is tracking the measured altitude nicely which indicates that the filter has
recovered from the large measurement errors caused by the clipped acceleration data.
From this I conclude that the filter can recover from badly clipped acceleration data so
long as it has a little bit of time with good pressure and acceleration data to recover.
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Figure 9, AltAcc datafrom flight that exceealed accéeration measurement range.

The Kalman filter demonstrated excdlent performancewhen processng prerecorded flight
data. It had no dfficulty with transonic dfeds, high altitudes, pitch oscill ation, a clipped
acceeration. It was obviously quite caable of acarrately determining apogeetime with
recorded flight data. The next step was to implement afilter in flight hardware.
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Design and Development of Flight Software

I decided to use the Roctronics hardware of Robert Dehate for the first flight hardware
implementation of the Kalman filter. There were several reasons for this decision.

1) The hardware design was complete and I only needed to purchase circuit
boards from Robert and parts to build a working altimeter.

2) The micro-controller used was typical of what is used in commercial altimeters.
Therefore, if it worked, it would demonstrate the filters suitability for
commercial products.

3) The 16F628 micro-controller had sufficient program space and execution speed
to run the filter. Program space turns out to be the limiting factor.

I chose to use Microchip’s MPLAB Integrated Development Environment to
develop the code because it targeted the desired processor and was free. Besides offering
the usual editing and assembly functions, the MPLAB IDE also offered simulation
capabilities which were very useful.

The volume of code required was quite large so I used the separate assembly and
link features of MPLAB. I have included a listing of only the Kalman filter code in
Appendix B. The remainder of the code is included separately in computer readable
format. The program includes routines for continuity checking the ejection charge outputs,
beeping out peak altitude, storing data to serial EEPROM, and serial communications to
upload flight data. The final code required about 1500 words of code space. This is more
than some older PIC micro-controllers have but most of the modern parts have 2K or more
of code space.

The 16F628 micro-controller can run with clock speeds up to 20MHz but I decided to run
it at 4AMHz to demonstrate that it can easily run this code.

I wrote several other programs to go with this code. There are programs to compute the
Kalman gains, the pressure to altitude conversion tables, and to process the flight data into
a format suitable for use with plotting software.

Kalman Filter code

The heart of the software is the Kalman filter code. It calls routines to get samples
of the pressure and acceleration converted to appropriate units and then performs the
Kalman filter operations. Because micro-controllers do not have floating point number
operations, the selection of number representation is a crucial step in writing the code.
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| choseto use afixed pant number representation for most numbers using 16 hts
for the integer portionand 16 lits for the fradiona portion. This all owed for areasonable
range and sufficient preasion. Thisthen required a 32 it multiply.

Fortunately, Microchip makes fredy avail able the code for a 32 it by 16 hit signed
multi ply routine which is perfed. A full 32X 32 multiply was not needed becaise of the
charaderistics of the Kaman gains.

The Kalman gains are positive and have small values. | therefore dhose to represent
these & 16 [t numbers that were entirely fradion bits. Thislimitsthe gainsto values|less
than ore half but | felt that thiswas not a serious limitation. The gains will only exceedl
one half at very low sample rates and with very high model noise values.

The result of the 32X16 kit multiply isa48 kit number. This must be truncated to a 32 kit
number again with the binary point in the corred locaion. Becaise the numbersinpu to
the multiplicaion have atotal of 32 fradional bits, the result has 32 fradional bits. So we
only keep the most significant 32 lits of the result and we ae bad to having 16 hts for
the integer part and 16for the fradion. Fixed pant numbers are very useful if the dynamic
range required islimited bu you do laveto keep tradk of the binary paint.

By caefully choasing the sample rate | can use simple bit shifts for some of the required
multi plicaions. The state extrapolation step requires sveral multi plies by the sample time.
By using a samplerate that is a power of two the multi plies beaome simple shifts which
are much faster than the full multiply.

A total of 8 multiplies are required to processeat sample. Two are needed to convert the
acceeration and pressure measurements into engineaing units. These values canna be | eft
as ADC courts because the units must be mnsistent for the filter to work corredly. This
causes a problem with the presaure to atitude mnwversion.

The relationship between presaure and altitude is highly nonlinea. The standard
atmosphere mode is:

T =15.04- 0.0068h
\5.256

el +2731u

=10120* 5= °2=¢
P g 28808 H

Where his dtitude in meters (lessthan 11,000n), T istemperature in Celsius, and pis
presaure in kil o-Pascds.®

> http://www.grc.nasa.gov/WWW/K -12/airplane/atmosmet. htmll
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Using this model requires raising a number to the 1/5.256 pover to convert presaure to
atitude. Thisfunctionis not avail able in any of the ade avail able from Microchip and
even if it were, the mde size and exeaution time would make it a poa fit for this projed.
Therefore | chose to uili ze apiecavise linea interpolation scheme. In this | broke down
the presaure range into 16 segments correspondng to the upper 4 hits of the 12 it ADC
result. Within eat o these ranges | computed aslope and df set to compute the dtitude.
Thisisnot the best method bu it is computationally simple.

| deaded to use metric units o that the maximum altitude would be 32,76 7meters.
Because the number representation has 16 fradiona bits, | do nd lose asignificant
amourt of resolution by this choice

The onwversion to engineaing units requires one multi ply for the pressure and ore for the
acceeration. The Kalman filter requires $x more multi plies to apply the gains. These
operations consume the majority of the time required to processead sample.

A Kalman filter using only the pressure measurement would na have to convert the ADC
reading into altitude. Thisresultsin odd urts for velocity and acceeration (ADC
courts/secondand ADC cournts/sedseq but it isnat aproblem. Thus thisfilter would orly
require threemulti plies for the Kalman gains. This cuts the exeaution time significantly
and allows the mdeto runat ahigher sample rate.

Launch detect

Launch detedionis quite simple. Because the Kalman filter isrunnng continuowsly and
providing agood \elocity estimate, the velocity is used to determine when liftoff occurs.
15 meters/seandwas chaosen as areasonable value to indicae that the rocket had started
itsflight. Thislevel will nat be reated duing normal handling of the rocket unlessthe
orientation d the rocket is changed significantly. To help proted against orientation
changes, accéerationis cheded andif it is not greaer than 10meters/sedsec (abou 1G)
then the dtimeter does nat switch to the flight state.

Accelerometer Offset

The one thing that could result in the velocity prematurely excealing 15 m/sis drift in the
acceerometer off set. Because the off set varies with temperature, measuring the off set once
and then storing it is not sufficient. The off set must be measured continuously until launch
isdeteded. The raw ADC acceerationreading is processed using asimple reaursive filter
and every two seoonds thefiltered value is dored in adoulde buffered manor. Oncelaunch
is deteded, this buffering stops.

The doule buffer isrequired because asingle buffered system might be crrupted by the
initial part of the motor thrust. There will be aperiod prior to launch deted when the
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acceleration has increased above the 1G resting value and that cannot be allowed to
corrupt the 1G offset. Determining the 1G offset is crucial to the performance of the
altimeter because it is subtracted from every acceleration measurement prior to being used
by the filter.

Pre-launch altitude is also double buffered but it is not critical to the altimeter
performance. It is only used when computing the maximum AGL altitude after the flight is
complete.

Altimeter state machine
The primary code loop of the altimeter is organized as a state machine. A variable is used

to hold the current state and this variable is used with a lookup table to jump to the code
required for each state. The states are:

State Description Waiting for Event
0 Pre-launch Launch detect
1 In flight (launch detected and in Apogee
flight)
2 apogee (apogee detected, this Pyro output timer expiration

state is used to time the duration
of the pyro output)

3 post apogee - not used

4 drogue (Under drogue and Main parachute altitude
waiting for the main altitude)

5 main (Altitude for main Pyro output timer expiration
deployment has occured. Used
to time the main pyro output.)

6 postmain (Under main Zero velocity (on ground)
parachute and waiting to land.)

7 ground (On the ground and the No more events
flight is over. )

Firmware Testing

Testing of the flight firmware began with the simulator included with the MPLAB
programming environment. Using this to simulate a flight is not really possible because of
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limitations in feeding realistic ADC values to the simulator and the speed of execution. It
was still very useful in testing various blocks of code to verify that they were behaving in a
reasonable manor.

After moving to the hardware I was able to make even more progress although it is
difficult to debug something that is limited to beeping for its output. This is where the
ability to store data really paid off. The Roctronics processor card design includes a 256
kilobit EEPROM for storing data

I started a debugging log to track what I had done, the problems encountered, and the fixes
made. I did this in the hope of preventing a repeat of previous mistakes. It is included in
machine readable form with this report.

After I had located many bugs I finally reached the point where the altimeter was able to
pass a simple bench test where the altimeter is held upside down and then quickly inverted
to simulate a launch. Once I reached this point it was time to move on to flight tests.
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Flight Tests

The first flight test used a modified Aerotech Initiator flying on a G64. This flight revealed
a problem in the Kalman filter code where I had changed the sample rate but not changed a
key section of the code. While making some additional changes to the data storage code I
discovered that the code was taking much longer to execute than I had thought. Because of
this I had to drop the sample rate from 128 SPS to 64 SPS. No significant degradation in
performance was expected. This code revision also resulted in a significant change to the
data storage code. As a compromise between getting high sample rates and also covering
the entire flight I changed to a dual rate system for data storage. During the first 16
seconds of flight data is stored at 64 SPS. After that the rate drops to 2 SPS.

The next flight test used the same rocket configuration. This revealed a problem in the
piecewise linear interpolation code used to convert the pressure measurement to altitude.
The problem was not in the flight code but in a companion program used to compute the
table entries. I had sufficient confidence in the code at this point that the next flight would
have an ejection charge controlled by the altimeter.

The third flight test used the same modified Initiator but I used a F39 motor with a delay
long enough so that it would be past apogee and an ejection charge was connected to the
altimeter. Visually the flight was perfect with ejection exactly at apogee. The recorded data
(see Figures 10 and 11) shows this clearly.
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Figure 10, F39 flight test data
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efiltered accéeration looks to be smoothed a bit too much in this plot so | changed the

Kaman gains for the next flight to deaease this smocthing.
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Figure 11, F39flight test. Unfiltered altitude data.

Thelarge spike in the data & apogee(Figure 11) was the result of the battery voltage
coll apsing under the load of the dedric match. Because of this| modified the dtimeter

220
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4 180

1 160

1 140

1 120

100

mis, miss

hardware by adding a 1000 otm resistor and 1000¢ cgpadtor to provide power to the

eledric match.

The next flight used a G80 motor. Thisflight was also perfed except that it was harder to

seevisualy if deployment happened at apogeebecause of the increased dtitude. Datais

shownin Figures12and 13.
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Figure 12, G80 flight test data

The filtered acceleration data for this flight looks much more like the unfiltered data. This
isn’t a big deal since the unfiltered data is always available. But it shows that the gains can
be changed to a level that provides very little filtering of the acceleration and still provide
excellent apogee timing. It also will help remove transonic pressure effects because the
velocity will match the actual speed more closely.
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Figure 13, G80 flight test data. Unfiltered altitude.

The altitude data (Figure 13) shows a slight increase in altitude after the ejection charge
was fired. This was the result of the ejection event pushing the payload bay higher and not
because of an early ejection.

This flight verifies that the Kalman filter software is working and producing the expected
results. Some portions of the code have not been tested that deal with high speed and
altitude flights. I arranged for the altimeter to ride on a rocket that should have tested these
portions of the code but the rocket motor suffered a nozzle failure and only achieved an
altitude of 6,000 feet. An operational error resulted in the altimeter detecting liftoff as the
rocket was raised to the vertical launch position so no flight data was recorded.

But even without testing these portions of the code, it is obvious that the Kalman filter is
functioning as designed and providing excellent apogee detection.
Kalman Filter “Lite”

I had not planned on producing a version of flight code for a pressure data only filter
because I felt that the full version accomplished my goal of demonstrating that the Kalman
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filter could be run on a common micro-controller. But then I had an idea for reducing the
computational load even more.

The primary computational load from the filter is the result of having to perform eight
32X16 multiplies. Using only the pressure measurement reduces this to three but I
wondered if I could eliminate those last three multiplies. The filter has shown itself to be
very stable and robust so I decided to see what would happen if I rounded the Kalman
gains to the nearest power of two. This would let me use bit shifts instead of multiplies
and really speed up the code.

A quick check on recorded data showed that performance was not seriously effected so |
proceeded with producing flight code. This mostly involved hacking out bits of the
existing code that were no longer required. I discovered that certain sections of the code
were hogging most of the execution time and it wasn’t the Kalman filter.

The micro-controller must communicate with two devices by serial interfaces (the ADC
and data EEPROM). The serial conversions are done in software (‘bit banged”) and are
therefore a lot slower than hardware. A lot of time was being wasted in these routines.

These routines were based on sample code provided by Robert DeHate for the Roctronics
hardware. I converted the ‘C” code he provided into assembly language while trying to
keep the same timing. Once they were working I didn’t pay much attention to them.

I checked the data sheets for the parts and removed unnecessary delays. But even with
these changes the Kalman filter code still required far less time than the rest of the code.
The final version of the Kalman filter ‘lite” code requires about 200 microseconds (or 200
instructions) to execute. The remainder of the code (ADC conversion, data storage, etc.)
requires another 3.4 milliseconds.

I flight tested the firmware twice. The first flight was data only and the second flight had
the altimeter deploy the parachute at apogee.

The first flight used a G64. Analysis of the data revealed two problems. The first was that
the Kalman gains were too high. I traced this to a flaw in the program to compute the gains
that I thought I had fixed. The gains sometimes appear to converge to stable values after
only a few iterations. But if more iterations are run they will change and then converge on
the final values. I added code to make sure that at least 1000 iterations are performed and
this resulted in much better gains. The high gains made the filter very sensitive as shown
in Figure 14.
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Figure 14, Kalman filter ‘lite” velocity plot from first flight test.

The velocity very nearly dropped below zero at eight seconds. If it had, it would result in a
very early apogee event. The filter did get the correct apogee time but this was obviously

not acceptable. Incorrect Kalman gains were part of the problem and the other part was
that the data from the pressure sensor was terrible.
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Figure 15, Unfiltered presaure data

The presaure data (Figure 15) shows that the ADC is Kipping codes resulting in very
jumpy data. Even worseisthat it sticks to ore value for significant periods of time. Stable
valuesindicae zero velocity and that is where the filter goes. Earlier flights did na show
this problem so it must be the result of the dhanges | made to the serial communicaion
routines for the ADC. Which is very strange becaise dl of the timing iswell within the
spedfications of the ADC.

Resolving this problem is difficult because | canna easily smulate the presaure profil e of
aflight. The best that | can doisto pul avaauum using a FoodSaver. After playing around
alittl e bit, | deaded to go ahead with anather flight test. Thistime flying onan F39 and
with an apogeedeployment charge.

Thisflight was nealy verticd and | was very disappanted to seethe rocket do atail slide
for just amoment before the gedion event. The dtimeter had deployed the parachute late.
Analysis of the data showed that whil e the change to the Kalman gains helped alot, the
presaure datawas gill messed upand caused the late deployment.
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Figure 16, Unfiltered pressure data

If anything, this data (Figure 16) is worse. I suspect that there is some aspect of the ADC’s
operation that is not covered in the data sheets. I do not like it that I do not understand the
problem in the ADC code but at this point the only solution is to return to my original
slow version.

But the Kalman filter still exhibited reasonable performance even with this miserable data.
It was late but not excessively late. I am certain that if the data was of the same quality as
that shown in Figure 11, deployment would have been exactly at apogee.

Because of the way that pre-flight data buffering is performed, launch detect is at the 128
data sample point or 1 second for this flight. Launch detect was about 1 second after first
motion. Launch detect is relatively slow because low model noise and the resulting low
Kalman gains are required to prevent Mach transition and other pressure data anomalies
from causing early launch detect.
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Conclusion

The Kaman filter demonstrated excdlent performancewith recorded data. Even with data
sets that cause problems for barometric and acceeration based atimeters. Thefilters
velocity estimate consistently and acaurately indicaes the time of apogee Adding the
acceeration measurement to the filter provided a slightly better apogeetime. Additional
advantages are aquicker launch deted and the aility to fall badk to acceeration
measurements when the presaure sensor range is excealed with minimal lossof
performance

A common micro-controller was easily able to hand e the required computations of both a
two measurement and single measurement filter. Thus demonstrating that the Kalman
filter can provide better performance a apogeedetedion than existing apogee &gorithms
andthat it can be used in hardware typicd of commercia atimeters.
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Appendix A
Kalman filter program for RDAS flight data
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I*

NAME
rkal32.c - A third order Kalman filter for
RDAS interpreted data files.

SYNOPSS
rkal32 [model] <infile >outfile

model is an optional parameter to spedfy the ratio
between the variance for the accéeration measurement
(fixed) and the model (variable). Default value for

thisis that the model is about 100times better

than the measurement.

DESCRIPTION:
Performs Kalman filtering on standard input
dita using a third order, or constant accéeration,
popagation model.

The standard input data is of the form:

Column 1: Time of the measurement (seconds)
Column 2: Accderation Measurement (feet/sedsec)
Column 3: Pressure Measurement (altitude in feet)

The standard output data is of the form:

Column 1: Time of the estimate/measurement
Column 2: Pressure Measurement
Column 3: Accderation Measurement
Column 4: Position estimate
Column 5: Rate estimate

Column 6: Accderation estimate

AUTHOR
Hadked by David Schultz

REPORTING BUGS AND REVISIONS
mailto:david.schultz@earthlink.net

COMPILING
cc-o rkal32.exerka32c

*

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include <math.h>

#define ALTITUDESIGMA 150
#define ACCELERATIONSIGMA 6.0
#define MODELSIGMA 0.6

double dtitude variance =ALTITUDESIGMA*ALTITUDESIGMA;
double accéeration variance =ACCELERATIONSIGMA*ACCELERATIONSIGMA;
double model_variance =MODELSIGMA*MODELSIGMA;

main(int argc, char ** argv)

char buf[512;
int i, j, k, notdone;

double dt_inovation, accé_inovation;
double time, accé, presaure;
double last_time, last_presaure;

double det;
double est[3] ={0,0,0};
double estp[3] ={0,0,0};
double pest[3][3] ={2,0,0,
0,90,
0,0,9};
double pestp[3][3] ={0,0,0,
00,0,
000}
double phi[3][3] ={1,0,0,
0,1,0,
0,0,1.0};
double phit[3][3] ={1,0,0,
0,10,
0,0,10};
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double kgain[3][2] ={0.01, 0.01,
0.01, 0.01,
01,001}
double lastkgain[3][2], dt;
double term[3][3];

/* ched for model variance parameter */
if (argc ==2)
{
double temp;
temp = aof(argv(1]);
model_variance = acckeration variancetemp;
/* Initidize*/
/* Skip text at start of file. */
while(1)
{
if(gets(buf) == NULL)
{

fprintf(stderr, "No datain file\n");
exit(1);

if( strstr(buf, "-2.000"))
brea;
}

}
scanf(buf, "%lIf %lf %lf", &time, &accé, &presaure);

est[0] = presaure;
last_time =time;

if(gets(buf) == NULL)
{

fprintf(stderr, "No data\n");
exit(1);

}
scanf(buf, "%lIf %lf %lf", &time, &accé, &presaure);
d =time - last_time;

last_time =time;

/*
Fill i n state transition matrix and its transpose
*
/
mifo][1]  =dt;
mi[1][2] =dt;

tilo][2] = di*du2.0;
fhit[1][0] = dt;
mit[2][1]  =dt;
mit[2[0] = dt*dt/2.0;

/* Compute the Kalman gain matrix. */
for(i=0;i<=2; i++)
for(j =0;j <=1; j++)
. lastkgain[i][j] = kgain[i][j];
=0;

while(1)
I* Propagate state cvariance*/

term[0][O] = phi[0][0] * pest[O][O] + phi[O][1] * pest[1][0] + phi[0][2] * pest[2][O];
term[O][1] = phi[0][0] * pest[Q][ 1] + phi[O][1] * pest[1][1] + phi[O][2] * pest[2][1];
term[Q][2] = phi[0][0] * pest[O][2] + phi[O][ 1] * pest[1][2] + phi[0][2] * pest[2][2];
term[1][0] = phi[1][0] * pest[Q][O] + phi[1][1] * pest[1][0] + phi[1][2] * pest[2][C];
term[1][1] = phi[1][0] * pest[O][1] + phi[1][1] * pest[1][1] + phi[1][2] * pest[2][1];
term[1][2] = phi[1][0] * pest[Q][2] + phi[1][1] * pest[1][2] + phi[1][2] * pest[2][2];
term[2][0] = phi[2][0] * pest[O][O] + phi[2][1] * pest[1][0] + phi[2][2] * pest[2][0];
term[2][1] = phi[2][0] * pest[Q][ 1] + phi[2][1] * pest[1][1] + phi[2][2] * pest[2][1];
term[2][2] = phi[2][0] * pest[O][2] + phi[2][1] * pest[1][2] + phi[2][2] * pest[2][2];

pestp[O][0] = term[O][O] * phit[Q][O] + term[O][1] * phit[1][0] + term[O][2] * phit[2][O];
pestp[0][ 1] = term[0][0] * phit[O][ 1] + term[Q][ 1] * phit[1][1] + term[0][2] * phit[2][1];
pestp[0][2] = term[O][O] * phit[Q][2] + term[O][1] * phit[1][2] + term[O][2] * phit[2][2];
pestp[1][0] = term[1][0] * phit[O][0] + term[1][ 1] * phit[1][0] + term[1][2] * phit[2][0];
pestp[1][1] = term[1][0] * phit[Q][1] + term[1][1] * phit[ 1][1] + term[1][2] * phit[2][1];
pestp[1][2] = term[1][0] * phit[O][2] + term[1][ 1] * phit[1][2] + term[1][2] * phit[2][2];
pestp[2][0] = term[2][0] * phit[Q][0] + term[2][1] * phit[1][0] + term[2][2] * phit[2][O];
pestp[2][ 1] = term[2][0] * phit[O][ 1] + term[2][ 1] * phit[1][1] + term[2][2] * phit[2][1];
pestp[2][2] = term[2][0] * phit[0][2] + term[2][1] * phit[1][2] + term[2][2] * phit[2][2];
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pestp[2][2] = pestp[2][2] + model_variance;
/*

Calculate Kalman Gain
*/
det = (pestp[0][0]+altitude_variance)*(pestp[2][2] + acceleration_variance) - pestp[2][0] * pestp[0][2];

kgain[0][0] = (pestp[0][0] * (pestp[2][2] + acceleration_variance) - pestp[0][2] * pestp[2][0])/det;
kgain[0](1] = (pestp[0][0] * (-pestp[0][2]) + pestp[0][2] * (pestp[0][0] + altitude_variance))/det;
kgain[1]0] = (pestp[11[0] * (pestp[2][2] + acceleration_variance) - pestp[11[2] * pestp[2][0])/det;
kgain[1](1] = (pestp[11[0] * (-pestp[0][2]) + pestp[11[2] * (pestp[0][0] + altitude_variance))/det;
kgain[2][0] = (pestp[2][0] * (pestp[2][2] + acceleration_variance) - pestp[2][2] * pestp[2][0])/det;
kgain[2][1] = (pestp[2][0] * (-pestp[0][2]) + pestp[2][2] * (pestp[0][0] + altitude_variance))/det;

pest[0][0] = pestp[0][0] * (1.0 - kgain[0][0]) - kgain[O][1]*pestp[2][0];
pest[0][1] = pestp[0][1] * (1.0 - kgain[0][0]) - kgain[O][1]#pestp[2][1];

pest[01[2] = pestp[0][2] * (1.0 - kgain[0][0]) - kgain[0][1]*pestp[2][2];
pest[11[0] = pestp[0][0] * (-kgain[ 11[0]) + pestp[1][0] - kgain[ 11[1]*pestp[21[0];
pest[1][1] = pestp[0][1] * (-kgain[ 1][0]) + pestp[1][1] - kegain[1][1]*pestp[2][11;

pest[11[2] = pestp[0][2] * (-kgain[ 11[0]) + pestp[1][2] - kgain[ 1][1]*pestp[21[2];
pest(2][0] = (1.0 - kgain[2][1]) * pestp[2][0] - kgain[2][0] * pestp[2][0]:
pest[2][1] = (1.0 - kgain[2][1]) * pestp[2][1] - kgain[2][0] * pestp[2][1];

pest(2][2] = (1.0 - kgain[2][1]) * pestp[2][2] - kgain[2][0] * pestp[2](2];

/* Check for convergance. Criteria is less than .001% change from last
* time through the mill.
*/
notdone = 0;
k++;
for(i=0;i<=2;i++)
for(j=0;j<=1; j++)

({
if( (kgain[i][j] - lastkgain[i](j])/lastkgain[i](j] > 0.00001)
notdone++;
lastkgain[i][j] = kgain[i](j];
}
if( notdone )
continue;
else
break;
}
printf("Input noise values used (standard deviation):\n");
printf("#Altitude - %15f feet\n", sqrt(altitude_variance));
printf("#Acceleration - %]15f feet/sec/sec\n", sqrt(acceleration_variance));
printf("#Model noise - %15f feet/sec/sec\n#\n", sqrt(model_variance));
printf("#Kalman gains converged after %d iterations.\n#", k);
for(i=0;i<=2; i++)
for(j=0;j<=1; j++)
printf("%15f ", kgain[i][j]);
printf("\n#\n");
printf("#Estimated output first order statistics (standard deviation):\n");
printf("#Altitude - %15f feet\n", sqrt(pest[0][0]));
printf("#Velocity - %15f feet/sec\n", sqrt(pest[1][1]));
printf("#Acceleration - %15f feet/sec/sec\n", sqrt(pest[2][2]));

/* Now run the Kalman filter on the data using previously
* determined gains.
*/

Output header for data.

*

printf("#\n# Output from rkal32:\n# A third order Kalman filter using acceleration and pressure measurements\n");
printf("#  Time Press. Alt.  Acceleration Est Pos Est Rate Est Accel\n#\n");

while( gets(buf) != NULL)
{
sscanf(buf, "%If %If %If", &time, &accel, &pressure);

/* remove offset and convert from G' s to ft/sec/sec */
accel = (accel-1.0)*32.17417,

/* sanity check on time */
if( last_time >= time )

fprintf(stderr, "Time does not increase.\n");
exit(1);

}

/* Compute the innovations */

alt_inovation = pressure - estp[0];
accel_inovation = accel - estp[2];
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/* Experimental code to modify Mach transition pressure
* disturbances.
*/

if( abs(alt_inovation) > 100)

/* We have alarge aror in atitude. Now seehow fast we ae
* going.
ki

if( estp[1] > 900&& estp[1] < 1200)

/* Somewhere in the neighborhood of Macdh 1. Now chedk to
* seeif we ae slowing down.
*/
" if(estp[2] <0)
{
/*
* OK, now what do we do? Asaume that velocity and
* accderation estimates are acarate. Adjust current
* dltitude estimate to be the same & the measured
* dtitude.
*
est[0] = presaure;
at_inovation = 0;
}
}

/* Simple dhedk for over-range on presaire measurement.
* Thisis just hadked in besed on a single data set. Actual
* flight software needs mething more sophisticated.

*/

if( pressure >37000

at_inovation = 0;

I* Propagate state */
estp(0] = phi[0][0] * est[0] + phi[O][1] * est[1] + phi[O][2] * est[2];

estp[1] = phi[1][0] * est[0] + phi[1][1] * est[1] + phi[1][2] * est[2];
estp[2] = phi[2][0] * est[0] + phi[2][1] * est[1] + phi[2][2] * est[2];

/*

Update state

*/
est[0] = estp[0] + kgain[O][O] * alt_inovation + kgain[O][ 1] * accé_inovation;
est[1] = estp[1] + kgain[1][0] * alt_inovation + kgain[1][1] * accé _inovation;
est[2] = estp[2] + kgain[2][0] * alt_inovation + kgain[2][ 1] * accé _inovation;

/*

Output

*/

printf("%15f %15f %15f %15f %15f %15A\n", time, presaure, accé, est[0], est[1], est[2]);
last_time =time;

}



Application of the Kalman Filter to Rocket ApogeeDetedion

45

Appendix B
Kalman filter code for PIC 16F628 altimeter
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include p16£628.inc
include data.inc
include adc.inc
include eedata.inc

global KALMAN_STEP,kalman_init,set_alt_gains
extern FXM32168, get_altitude, get_acceleration, eeread
extern beep_alt

;; Copyright 2002 David W. Schultz

33 Quick and dirty version of Kalman filter for PIC16 processors.

;3 Uses 32X 16 multiply routine extracted from Microchip application

33 note.

;; There may be something else hiding in the multiply code but

;3 I think I found all of them. That adds up to 32 locations.

;; This version incorporates both pressure and acceleration

;; measurements. It uses ~330 words of code space. Execution time

;; is dominated by the 32x16 bit multiplies which require ~400 machine
3 cycles each. With 6 multiplies that means 2400 machine cycles.

;; Double that to allow for everything else that goes on and you have

;; a requirement for ~5000 machine cycles per sample. Since the PIC

3 has four clock cycles per machine cycle that it 20,000 clocks. A

33 4MHz clock would allow a maximum of 200 samples/second. So there is
3 plenty of margin when running at 128 samples/second. Even more at
;3 64SPS which is what this code is set to.

;; The primary limitation is code and data space availability. The

;; 16F84 has 1024 words code space and 68 bytes data space. This code
;; takes 309 words of code space. Could be pretty

;; tight. The 16F628 which has 2K of code space would be a better

3 choice. Especially since it is pin compatible with the 16F84, has

;; more features, more code space, more data space, and is cheaper.

;; There are some fairly obvious opportunities to tighten up this code.
;3 I was primarily interested in getting it all down.

;; Changing the sample rate requires changing the number of bits

;; to shift in the state update code. It is currently set for

3 64 SPS

;; Kalman gains are computed by a "C" application and are determined
;; by sample rate, measurement noise, and model noise. To compute

;; gains, select sample rate, measure sensor noise

;; (standard deviation), and select measurement/model noise ratio. I

;; recomend a ratio of 10 to 100. Input parameters into kgain32.exe and
;; note results. Gains shown here are based on 64 SPS, noise of 15'

;; for pressure altitude, 6ft/sec/sec for acceleration, and a noise

;; ratio of 100

;; Initialization:

;; Clear VELBO-VELB3 and ACCELB0-ACCELB3. Read altitude value and load
3; into ALTBO-3. Then you can start running the filter.

33 If you start the filter with random garbage for the intial values

3; you will get random garbage out for quite a while.

;3 A note on number representation.

3 Altitude, velocity, and acceleration are stored in 16.16 fixed

;; point format. The two most significant bytes represent the integer

3 portion of the number and the two LSB' s the fractional portion. It s

;3 just like base ten if you are missing 8 fingers. :-)

;; The Kalman gains are only 16 bit values because the integer part is

3 zero. This allows use of a 32X16 multiply with 48 bit result instead

;3 of a 32x32 bit multiply with 64 bit result. It shouldn' t be a

;; problem but there is a chance that at very low sample rate, one

;; of the gains could be larger than one. You have two choices: 1)
;; increase sample rate. 2) Modify number representation and code.

;; Buyer beware.

;; Batteries not included.

3; Your mileage may vary.

code

;; Initialization of the Kalman filter is pretty simple. Just set
;; the velocity and acceleration to zero. Then get the current altitude
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;; from the pressure sensor to set altitude.

clrf VELBO
clrf VELBI1
clrf VELB2
clrf VELB3
clrf ACCELBO
clrf ACCELB1
clrf ACCELB2
clrf ACCELB3

:; Read current altitude

call get_altitude  ; result is in TO-3

movf TO,W ; copy to altitude state variable
movwf ALTBO

movf T1,W

movwf ALTBI1

movf T2,W

movwf ALTB2

movf T3,W

movwf ALTB3
;; Initialize accelerometer averages

movlw SECHO ; read value from ADC
movwf TO

call read ADC

movf TO,W

bsf STATUS,RPO ; date page 1
movwf AVE_ACCELOBO

movwf AVE_ACCELI1BO

movwf AVE_ACCEL2B0

bef STATUS,RPO ; data page 0
movf T1,W

bsf STATUS,RPO ; date page 1
movwf AVE_ACCELOB1

movwf AVE_ACCELI1B1

movwf AVE_ACCEL2B1

clrf AVE_ACCELOB2

clrf AVE_ACCEL1B2

clrf AVE_ACCEL2B2

clrf AVE_ACCELOB3

clrf AVE_ACCELI1B3

clrf AVE_ACCEL2B3

bef STATUS,RPO ; data page 0

;; Set Kalman gains

movlw KI_HI
call eeread
movwf K1BO
movlw KI_LO
call eeread
movwf KIB1
movlw K2_HI
call eeread
movwf K2B0O
movlw K2_LO
call eeread
movwf K2B1
movlw K3_HI
call eeread
movwf K3B0
movlw K3_LO
call eeread
movwf K3B1
movlw K4_HI
call eeread
movwf K4B0
movlw K4_LO
call eeread
movwf K4B1
movlw K5_HI
call eeread
movwf K5B0
movlw K5_LO

call eeread
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movwf K5B1
moviw K6_HI
cdl egeal
movwf K6B0O
moviw K6_LO
cdl egeal
movwf K6B1

;; set timer tick to zero
clrf TICKBO
clrf TICKB1
clrf TICKB2
return

» Set Kaman gains to the dternate, pressure sensor only, gain set.
b Thisis caled at apogeesincethe orientation of the acterometer
" becmes pretty random at that point.

set_dt_gains:

moviw ALTK1_HI

cdl egeal

movwf K1B0O

moviw ALTK1_LO

cdl egeal

movwf K1B1

moviw ALTK2_HI

cdl egeal

movwf K2B0

moviw ALTK2_LO

cdl egeal

movwf K2B1

moviw ALTK3_HI

cdl egeal

movwf K3B0

moviw ALTK3_LO

cdl egeal

movwf K3B1

clrf K4B0

clrf K4B1

clrf K5B0

clrf K5B1

clrf K6B0

clrf K6B1

return

;; Multiply/acaimulate aode. Thisroutine is used by the state

;; corredion code.

;; Before cdling, TO-T3 should contain the inovation. BARG should

+; be loaded with the Kalman gain, and FSR should point to the

;1 location to add the result to.

3 NOTE: MSB of multi-predsion numbersisin xxxB0 which hesthe

;» lowest address FSR should point to the LSB (xxxB3) of the target.
KALMAC:  movf TOW ; Copy TO-T3 to AARG in preperation for multiply

movwf AARGBO

movf TLW

movwf AARGB1

movf T2W

movwf AARGB2

movf T3W

movwf AARGB3

cdl FXM32165 ; Perform the signed multiply

5 crap! | hate the fad that this gupid chip doesn©t have an add

5 with carry

movf AARGB3W ; add upper 32 bits of result to altitude

addwf INDF,F

ded FSR,F ; point at next byte

movf AARGB2W

btfsc STATUS,C ; handlethe cary

incfsz AARGB2,W
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addwf INDF,F

ded FSR,F

movf AARGB1,W
btfsc STATUS,C
incfsz AARGB1,W
addwf INDF,F

ded FSR,F

movf AARGBO,W
btfsc STATUS,C
incfsz AARGBO,W
addwf INDF,F
retlw 0

5 Arithmetic right shift 32 bit TO-T3, LOOPCOUNT places

RSTEMP: movf TOW ; Copy MSB to use for sign extension
movwf SIGN
RSLOOP: rlf SIGN,W ; Pick upthe sign kitinC
rrf TO,F
rrf TLF
rrf T2,F
rrf T3F
dedsz LOOPCOUNT,F
goto RSLOOP
retlw 0
;; Begin state upcate
5 Start by computing Xt+1 = X + V*T + A*T*T/2
5 Since T isafradional power of two, we do this by shifting bits
;1 First make atemporary copy of the last velocity estimate and
;; divide the @py by 64.
KALMAN_STEP: movf VELB3W ; Copy velocity to temp location
movwf T3
movf VELB2,W
movwf T2
movf VELBLW
movwf T1
movf VELBO,W
movwf TO
moviw 6 ; load count for right shift
movwf LOOPCOUNT
cdl RSTEMP ; shift temp right 6 bits

+» Now add it to the last altitude estimate (32 bit add)

movf T3.W ; add temp to dtitude
addwf ALTB3,F

movf T2W

btfsc STATUS,C ; handlethe cary
incfsz T2W

addwf ALTB2,F

movf TiL,wW

btfsc STATUS,C

incfsz TiL,W

addwf ALTBLF

movf TOW

btfsc STATUS,C

incfsz TOW

addwf ALTBO,F

;» Now make atemporary copy of the last accéeration estimate
;; and divide by 64*64*2 or shift right 13 bits

movf ACCELB3,W ; Copy accderation to temp location
movwf T3

movf ACCELB2,W

movwf T2

movf ACCELBLW

movwf T1

movf ACCELBO,W

movwf TO
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moviw 13 ; load count for right shift
movwf LOOPCOUNT
cdl RSTEMP ; shift temp right 13 bits

;; Now add it into the last dltitude estimate (32 bit add)

movf T3W ; add temp to altitude
addwf ALTB3,F

movf T2,W

btfsc STATUS,C ; handlethe cary
incfsz T2W

addwf ALTB2,F

movf TLW

btfsc STATUS,C

incfsz TiLW

addwf ALTBLF

movf TO,W

btfsc STATUS,C

incfsz TO,W

addwf ALTBO,F

;; State upcte of atitude is now complete

;; Now we updete the velocity estimate

1 Make atemporary copy of the last accéeration estimate ad
5 multiply by T, which is the same & shifting it right

;1 6 hits

movf ACCELB3,W ; Copy accderation to temp locaion
movwf T3

movf ACCELB2,W

movwf T2

movf ACCELB1L,W

movwf T1

movf ACCELBO,W

movwf TO

moviw 6 ; load count for right shift
movwf LOOPCOUNT

cdl RSTEMP ; shift temp right 6 bits

;; Now add it to the velocity estimate

movf T3W ; add temp to altitude
addwf VELB3,F

movf T2,W

btfsc STATUS,C ; handlethe cary
incfsz T2W

addwf VELB2,F

movf TLW

btfsc STATUS,C

incfsz TLW

addwf VELBLF

movf TO,W

btfsc STATUS,C

incfsz TO,W

addwf VELBO,F

;» This completes the state updete for velocity

1 Accderation is assumed to be mnstant so no update of it
5 isrequired. Move on to the state @rredion.

;; Begin state mrredion

; A mirade occurs and the latest measured altitude (in meters)
;; appeasin TO-T3 asa 16.16 fixed point number.

cdl get_dtitude ; Thistakes care of the mirade

+» First upis a sanity ched. The mde that reads the presaure

;; should set the cary flag if the range of the sensor is exceeded.

3 Thisis best chedked by comparing the ADC value so we don©t do it
;1 here.

1 Therefore, we chedk the cary flag and if it is t, we skip all of

;; the presaure dtitude inovation code.

btfsc STATUS,C
goto A_INOVAT ; cary set, move on to atitude inovation
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3 Now we dchedk to seeif we ae in the Madh transition region.
;v Madh 1 =~331nv's

moviw #1 ; MSB should be =1

xorwf VELBOW

btfss STATUS,Z

goto P_INOVAT ; lessthan 256 or greaer than 512nvs, so go on

;» Now we know that our velocity is in the range of 256to 512m/s

5 An arbitrary range of Mach 1 +/- 75m/sis ®leded as the aiteria

5 Thisallows usto complete the test with only one more cmmparison
5 since331m/s- 75m/s = 256 m/s. So we just check VELB1 to seeif
5 itisgreder than 150

movf VELBLW

addw (0x100- 0x96)

btfsc STATUSC

goto P_INOVAT ; result was positive so carry on

;; Copy measured presaure to estimate and then skip to accéeration
;» inovation part of code

movf TO,W
movwf ALTBO
movf TiL,wW
movwf ALTB1
movf T2,W
movwf ALTB2
movf T3.W
movwf ALTB3
goto A_INOVAT

;; Presaure inovation corredion

; First step isto subtrad dtitude from presaure reading to
;; get the inovation. Sincewe need this value for three omputations,
;i itisleft in TO-T3 for later use. Do not messwith TO-T3!

movf ALTB3W
subwf T3,F

movf ALTB2,W
btfss STATUS,C
incfsz ALTB2,W
subwf T2,F

movf ALTBLW
btfss STATUS,C
incfsz ALTBLW
subwf TLF

movf ALTBO,W
btfss STATUS,C
incfsz ALTBO,W
subwf TOF

;1 Altitude @rredion

3 Multiply the inovation (currently in TO-T3) by the gppropriate

;; Kalman gain and add the dtitude estimate

;; Thisis done by the KALMAC subroutine which copies to invation

;; from TO-T3 to AARG and then cals the 32X 16 multiply routine. It

+» then adds the upee 32 hits of the result to the dtitude estimate.

;» We use the upper 32 bits because we have multiplied two number with
;» 16 bits eadh to the right of the binary point. Therefore the result

;» has 32 hits to the right of the binary point and we ae dropping

1 theleast significant 16 bits of the fradtional part.

movf K1BO,W ; Load Kaman gain

movwf BARGBO

movf K1BLW

movwf BARGB1

moviw ALTB3

movwf FSR

cdl KALMAC ; Perform the multiply/acaimulate

;» Velocity corredion

movf K2BO,W ; Load Kaman gain
movwf BARGBO

movf K2B1LW

movwf BARGB1

moviw VELB3

movwf FSR
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call KALMAC ; Perform multiply/accumulate

:» Acceleration correction

movf K3B0O,W ; Load Kalman gain
movwf BARGBO

movf K3B1,W

movwf BARGBI1

movlw ACCELB3

movwf FSR

call KALMAC

;; Once again a miracle occurs. This time the current acceleration

;; measurement (In m/s/s) appears in TO-T3. This value must be offset
;3 so that while at rest on the pad, the acceleration is ZERO. It

3 is very important that this value be as close to zero as possible.

;; Fractional bits are really good so don' t throw them away.

;; This is just like the pressure inovation code except that we use

;; different gains.

;; First step is to subtract acceleration from measurement to
;; get the inovation. This is left in TO-T3 for later use.

A_INOVAT:
call get_acceleration ; handle the miracle bit
movf ACCELB3,W
subwf T3,F
movf ACCELB2,W
btfss STATUS,C
incfsz ACCELB2,W
subwf T2,F
movf ACCELB1,W
btfss STATUS,C
incfsz ACCELB1,W
subwf T1,F
movf ACCELBO,W
btfss STATUS,C
incfsz ACCELBO,W
subwf TO,F

;3 Altitude correction

movf K4B0O,W ; Load Kalman gain

movwf BARGBO

movf K4B1,W

movwf BARGBI1

movlw ALTB3

movwf FSR

call KALMAC ; Perform the multiply/accumulate

3; Velocity correction

movf K5B0O,W ; Load Kalman gain

movwf BARGBO

movf K5B1,W

movwf BARGBI1

movlw VELB3

movwf FSR

call KALMAC ; Perform multiply/accumulate

5 Acceleration correction

movf K6B0O,W ; Load Kalman gain
movwf BARGBO

movf K6B1,W

movwf BARGBI1

movlw ACCELB3

movwf FSR

call KALMAC

;; Fine'

;; Done

;; Compleate



Application of the Kalman Filter to Rocket ApogeeDetedion

53

return
end
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Appendix C
On Noise
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The sensors used for pressure and acceleration data in altimeters generate random noise
internally and also respond to external noise. This is both good and bad.

The good part is that internally generated random noise can be used as a dithering signal to
increase the resolution of the measurement system. This reduces the quantization noise
resulting from the ADC converting the continuous analog voltage produced by the sensor
into a discrete digital value.

The signal produced by the sensor can be viewed as being composed of two parts. The first
part being the true measurement and the second part being zero mean random noise. If the
random noise is larger than the resolution of the ADC system, it will cause the ADC
results to be dithered.

If, for example, the true value was exactly halfway between 512 and 513 counts in the
ADC, the dithering would result in half of the converted values being 512 and half being
513. Averaging a large number of samples would result in the true value of 512.5

This technique is vital in measuring the 1G offset of the accelerometer for the velocity
integration technique. It isn’t quite as vital for a Kalman filter based altimeter as the
pressure measurement will tend to correct for slight errors in accelerometer offset. But
since this is easy to do, it should be done anyway.

Dithering of the pressure data is useful as well because if it were not present, the altitude
data would rise in a strict stair-step fashion. The Kalman filter would then try to converge
on each of these relatively constant values. With dithering, the Kalman filter produces a

much smoother output. This can be clearly seen when comparing the Kalman filter output
of the RDAS and AltAcc data.

While the random sensor noise is quite useful, noise generated externally and measured by
the sensors can be extremely disruptive. The best example of this is the high vibration
levels created by the Hypertek hybrid motors. This vibration has caused considerable
difficulty for acceleration based altimeters. Particularly the RDAS.

The problem in the RDAS results from the complete lack of a pre-sample filter for the
accelerometer. The ADXL150 sensor used has a built-in low pass filter but its 3dB point
(bandwidth) is 1000Hz and the maximum sample rate of the RDAS is 200Hz. Sampling
theory shows that the sampled signal must be band limited so that it has no frequency
content in excess of one half the sampling frequency. This is also known as the Nyquist
frequency.

If the signal does have frequency content greater than the Nyquist frequency, it will be
aliased so that it appears to have a frequency lower than one half the sampling frequency.
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For example, a the RDAS sample rate of 200SPS a 102Hz sine wave would appea as a
98 Hz sine wave dter sampling. There is absolutely no way to corred this after sampling.

This 2ort of dliasing is very bad for altimeters. In the worst case, the motor would vibrate
at afrequency very close to the sampling frequency. This would cause the vibrationto be
aliased to afrequency nea 0 Hz, or constant. If the vibration had sufficient amplitude, it
would severely impad the operation d the dtimeter. An example of this problem is diown
in Figure 14.

a0 G
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100G
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oo 0z 04 0E 0s 1.0 12 1.4 16 18 20

Figure 14, RDAS data from hybrid fli ght exhibiting extreme diasing

Thisflight resulted in very ealy giedionfrom the RDAS because of diasing. The RDAS
had been configured to record data & 50SP Sand this also apparently changed the sample
rate for the gpogee dgorithm.

Figures 15 and 16show the frequency content in 2006P Sdata recorded by an RDASfor a
hybrid and compasite motor. The composite motor acceeration cata has almost no energy
above OHz but the hybrid has energy all the way up to (and above) 100Hz.
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These figures are plots of the power spedral density (PD) for the signals. This diows the
power in the signal for a given frequency bandwidth. The largerise & 100Hz for the
hybrid datais possbly partly an artifad from the PSD computation.

The compaosite motor clealy has amost al of its sgnal power at DC whil e the hybrid
spreasits power over the entire 100Hz bandwidth.

The obvious lutionfor thisisto include agoodanalog low passfilter between the
acceerometer and the ADC. However thiswould aso result in removing so much o the
randam sensor noise that dithering would nolonger occur. Thiswould result in a +- %% hit
uncertainty in the 1G off set.

Thereisaway to bah prevent aliasing and keep the dithering that is quite simple. The first
step isto low passfilter the accéerometer datato afrequency that leares enough randam
noisein the signal for dithering to happen. Thisistypicaly much greaer than thefilter
frequency required to eliminate diasing and depends onthe resolution d the ADC. The
altimeter then samplesthe signal at amuch higher rate than namal. If the pre-samplefilter
had a bandwidth of 250Hz then a sample rate of 10006PSwould be suitable. After
sampling, the dtimeter would then passthe data through a simple digital filter to reduce
the bandwidth below the Nyquist frequency of the main sampling loop.

Whil e there ae plenty of fancy digital filters avail able, most require alot of computation.

But thereisasimplefilter that is equivalent to abasic analog RCfilter. Its performanceis
not the best but it is extremely simple.

X, =(1-a)x,+a-s
Where

sisthe new sample

x isthefiltered vaue

aisthefilter gain (O<a<l)

The multipli cations can be reduced to simple bit shifts by choasing thefilter gainto be a
power of 2.

The relationship between the 3dbfrequency andthefilter gainis:
(l-a)=e?""

Where {, is the 3dB frequency expressed as a fraction of the sample rate.
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Appendix D
Static Port TimeLag
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Altimeters are usually install ed into an eledronics bay that is vented to the amosphere
through ore or more holes. Because thereisa dosed cavity with ventsto the outside, there
isadelay between changes in the static presaure & the vent holes and the cavity presaire.
Thisdelay can result in late deployment if proper care is not exercised.

A formulato cdculate this delay is:®

.2
ngg
T=—%-2
4000

Where:

L isthelength of the dtimeter bay in inches

D isthe diameter of the dtimeter bay in inches
d isthe diameter of the vent halein inches

T isthe delay in seconds

Thisformula ssumes a gylindricd atimeter bay and asingle vent hole.

My flight test vehicle has an atimeter bay that is approximately 12' long and 2.5
diameter with two 0.25 vent hdles. (Equivalent to ore vent hole with adiameter of 0.35'.)
Thetime delay for thisbay is 0.15secnds. Note that this delay is abou the same as the
apogeetime diff erence between the presaure only and presaure plus acceeration Kalman
filters.

® Bob Kredh, message of 20 July 2004 onRocketry Online



Application of the Kalman Filter to Rocket ApogeeDetedion

61

Appendix E
Rule 63.5 Information
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Objedive: Development Kalman filter for presaure and acceeration data. Demonstrate its
effedivenessand suitability for usein atimeters.

Approad: Write software to processpre-rearded atimeter data (primarily RDAS). Then
build an altimeter and write software for it foll owed by flight tests. Lading any other
objedive measure of the time of apogee barometric presaure dtitude datais used.

Previous R& D Reports: @Barometric ApogeeDetedion Using the Kalman Filter®
presented at NARAM 44.

Equipment used:

Personal computer

Warp13PIC programmer

Assorted todls, soldering iron, etc.

Software tod's used:

MPLAB - Microchip development environment for PIC microcontroll ers

digpp - GNU based C compil er for Microsoft Windows

HyperTerminal - for downloading flight data

RDAS user interface

GNUplot - plotting data

Fadliti es used: Dall as AreaRocket Society launch sites and equipment.

Cost of projed:

Parts for Altimeter $124

Rocket motors and aher launch suppies ~$40 (al motors were from existing stock
and nore were purchased for this projeq)

Altimeter bay for Initi ator built from parts on hand. Vaue unknown.

Seereport body for data @lleded, results, and conclusions.
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Further work: | believe that | have cmpleted what | set out to do.Which wasto
demonstrate abetter method d altimeter apogeedetedion. While an extended Kalman
filter using a better dynamic model could be developed, | do nd think that the marginal
improvement in performancewould justify the dfort. | will use my results as the basis for
an altimeter of my own design.



