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Abstract

The project involves esimating Sability and contral derivatives of a remote control arcraft modd
from flight test deta uang parameter identification techniques. The gability and control derivetives ae
inferred basad on the moddled vehides dynamic equaions and the messured inputs and arcraft

responses during a predetermined manoeuvre

Computer programs necessary to perform the identification processes have been devdoped using
Matlab, a matrix manipulation software. The identification from Smulated deta has been carried out
to asss the effectiveness of the identification dgorithms. In addition, ingrumentation and data
acquigtion sysems for conducting the flight test program have aso been deveoped in collaboration
with the Computer Systlem Enginearing Department, RMIT. Implementation chdlenges encountered

during the devd opment of the whole flight test sysems are presented.

The capability of the whole sysem was then demondrated by conducting a dynamic flight test
program on the Tdemagler T240 arcraft modd. Sx longituding and fifteen laterd derivatives have
been extracted from severd recorded flight test data The estimated derivatives will then be used in

the design of flight control sysem for the arcreft.

The project has shown that the dynamic of a modd araat can be esimaed with a reasoneble

confidence uang flight testing procedure.
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1. Introduction

Dynamic characteridics of an arcraft are normdly described in terms of its sability and control
derivdive vdues. These vaues ae deermined dather theordlicaly (empiricd or semi-empiricd,

computationd fluid dynamics) or experimentaly (wind tunnd or flight test).

This project involves esimating Sability and contrdl derivatives of a modd ararat from flight data
usng paameer identification (Pl) techniques. The unknown dahility and control derivatives are
inferred from the moddled vehide dynamic equetions and the measured inputs and system responses
during flight manoeuvres. In contrast to conventiond estimation, the P technique provides for
reduced test time, more flexibility in manoeuvre reguirements and more parameters (induding

those unobtainable using conventiond techniques) are obtained from asngle manoeuvre,

The ggnificance agpects of the project are: Frd, the obtained derivatives will be used in the design of
an autonomous flight contral sysem. The design of the contral system is currently carried out by
another pogt-graduate student (Vdentinis, 1996). Second, the project will assess the cgpability of
the flight ted indrumentaion sysdems designed in collaboration with the Computer Sysem
Depatment a& RMIT (Kneen, 1994). Third, this project will provide adatigtica sahility and control
derivetive daa base extracted from flight tet messurements which will extend the confidence in
exiding dahility and contral derivative esimation techniques when goplied to UAV's (Unmanned Air

Vehides) and other amdl flight vehides

There are many potentid benefitsin usng UAV as agrid platforms for either commercid or research
goplications. UAVs have a low operaing cost as compared to manned arcraft operations. UAVS
can paform hazardous tasks such as dose monitoring of fires, hurricane tracking, observation of
radiation-contaminated areas and volcano eruptions. UAV's are sited to long endurance tasks that

6



are gengdly tiring and drenuous on araat cew. The presat date of technology dlows the
devdopment of rdativdy amdl, lightweight and accurate remote senaing equipment thet will provide

awide range of different payload packages suitable for incorporation into UAVs

With the advent of a rdidble and low cog GPS (Globa Postioning System), an autonomous
unmanned ar vehide becomes technicaly and economicaly feasble for survey or survallance
missons. With sdf-contained navigation and control systems these vehides have the potentid to
cary out ther misson according to a preprogrammed st of ingructions. Future developments on
built-in intdligence open the way to true autonomous missons, whereby the onHboard equipment
senses anomdies and can take independent action. The potentid benefit of UAV technology has
prompted The Sr Lawrence Wackett Centre for Aerogpace Design Technology to initiate a project
with the objective to develop an unmanned autonomous flight vehide, referred to as Multi-Purpose
Autonomous Hight Vehide (MAFV). The vehide will be desgned to suit awide range of missons
such as agid photogrephy, coadd survelllance, geologicd and agriculturd survey, amospheric
ressarch and wegther soundings (Thompson, Abanteriba and Bill, 1993). The Divison of
Atmospheric Research of the CSIRO in Audrdia has expressed paticular interest in the MAFV as
a potentid plaform for their equipment for monitoring of amaospheric pallution. With a typicd
payload of 20 Kg the am isto achieve misson endurance ranging from 3 hours & 60,000ft to 5 days
a 7,500ft. The desgn of the MAFV will be in dose co-operation with CSIRO to accommodate
their misson requirements. One of thair spedific missonsis to messure the amogpheric abundance of

C0, and its able isotopes (The Wackett Centre, 1995).

In its devdopment dege, a Tdemadter T240 modd arcraft has been purchased and assambled for

use as an dectronic test bed for the full scdle MAFV. The modd will perform severd flight trids for



dynamic flight testing and autonomous flight testing. This project dedls with the dynamic flight testing

of the T240 modd arcraft to obtain the sability and control derivatives of the vehide.

The spedific ohjectives of thisproject are:

- To provide dahility and contral derivative vauesfor the arcraft modd.

- To determine the necessary meesurements and flight manoeuvre required in estimeting the sability

derivatives.

- To prepare the ingrumentation and deta acquidtion sysem.

- Todaermineinertid characteridics (mass, centre of gravity and inertia).

- To sdect an gopropriate modd sructure and parameter identification dgorithms

- To develop a computer program to extract sability and contral derivatives from recorded flight

test data

- To determine the accuracy or confidence of the parameters obtained.

The project has severd limitations thet indude:

Only dominant linear sability and contral derivaives are to be estimated.

No coupling between longitudind and laterd modes are consdered.

Limited accuracy and number of sensorsare availadle.

Limited time and budget for conducting the experiments



Parts of the thess have been presented a the IASE95 (Sofyan, 1995) and ISASTI'% (Sofyan,

1996) seminars.

The content of the thessis divided into 3 mgor sections The firgt section provides an introduction to
the project (chepter 1), literature review (chepter 2) and method of flight teting (chepter 3). The
next section addresses the works undertaken prior to the actud flight test (chepter 4 to 6) and some
hardware problems encountered during the course of this project (chapter 7). The lagt section
presents the amulation and flight test results (chepter 8 and 9), followed by discusson and
condudon. All the raw data from the pre-flight, flight and post-flight are collected in the gppendices
and computer files A computer disc thet is induded with the thess contains a number of Matlab

script programs necessary to process the flight deta



2. Literature review

Inthe pag,, therale of modd arcraft in dynamic flight testing was not so popular. The ingtrumentetion
was ether too heavy or too large to be housad in the RPV (Reed, 1974). Also, the technology in the
off the shelf arcraft modeling was not as advanced as today. Now however, an inexpensve and a
rdidde smdl RPV can be essly built in which necessary flight test indrumentation can be
incorporated. Hamony (1994) reported on a date of the at, light-weight, low power, miniaturised

indrumentation systlem, which is usad to gather information during flight test.

Bedde the progress in the indrumentation sysems, severd common problems in using a radio
controlled modd arcraft to conduct dynamic flight testing, dill remain (Budd, 1993). These problems

indude:

Ingbility of the modd to perform areguired manoeuvre (Coleman, 1981).

Limited visud range and lack of flying conditions (Wong, 1939).

Sgnd interferences (Hamory, 1994)

Errorsin the obtained sensor data (Coleman, 1981). Typicd erorsin the sensor modly originate
from engine and other dructurd vibration, og offsts and misdignments, transducer errors,

coupled longituding and lateral motions, and the presence of ar turbulence (Budd, 1993).

Despite the above problems, some have reported successful flight test programs in determining
severd dominant gability and control derivatives. NASA has been usng RPV’ s extensvdy to dudy
the dynamic behaviour of thar research arcraft, such as the X-29 drop modd (Klein, 1975), F-15

modd (Iliff, 1976) and HIMAT (Mathew, 1981). The USNAVY was a0 researching with their
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RPV (Howard, 1991). In England, British Aeropace conducted a amilar flight test program to
extract dability and control derivatives of thar STABILEYE RPV (Coleman, 1981). In Audrdia,
Sydney Universty has devdoped asaries of smdl RPV for aerodynamic research (Wong 1989, and

Newman 1995).

Present and future research in this fidd concentrates on 3 different key aress. Frd, the development
in the indrumentation systems (Hamory, 1994); sacond, the development of sysem moddling and
various esimetion techniques for the extraction of the derivatives (Iliff, 1989). A recent research
topic in the edimation technique is in the goplication of computationa neurd networks to identify
severd agrodynamic derivaives (Linse, 1993); and third, the search for an optimd input desgn and

amore practicd flight test manoeuvres (Plaetschke, 1979).

The fallowing sections survey the above three key arees namdy indrumentation, flight deta andyss

andinput forms.

2.1 Instrumentation

The flight test indrumentation indudes sensors, data acquidtion sysem (DAS) ad Tdemery
gydems With the present technology, it is possible to have aflight test indrumentation system thet is
amd| and light. Mogt components are commercidly avaladle for modd arcraft hobbiers to condruct
their modds These components have been used by the Universty of Sydney (Wong, 1939) and

NASA (Hamory, 1994).
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2.1.1 (Sensors)

Parameters to be measured in flight can be categorisad in to two groups, inertid (or dynamic) data

and ar data. Typica sensors needed to extract Sability and control derivatives are givenin Table 2-

1. Thistableis summarisad from Maine (1986), Wong (1989), and Yip (1992).

Table 2-1: Sensorsfrequently used in the extraction of stability & control

derivatives.
No Quantity measured Transducer Range Resolution Level of
Importance

1 L ongitudinal acceleration, Accelerometer +10g +0.02g9 Secondary

2 Lateral acceleration Accelerometer +59 +0.02g Primary

3 Vertical acceleration Accelerometer +10g +0.029 Primary

4 Pitching velocity Rate gyro +250°/s +10°/s Primary

5 Y awing velocity Rate gyro +250°/s +10°/s Primary

6 Rolling velocity Rate gyro +450°/s +10°/s Primary

7 Euler angles Attitude gyros Secondary

8 Angle of attack Flow  direction, | +25° +0.25° Primary
velocity sensor

9 Angle of sideslip Flow  direction, | +30° +0.25° Primary
velocity sensor

10 | Control deflections Control  position | +40° to -10° +0.2° Primary
transducer

11 | Airspeed Pressure Oto5psi Primary
transducer or 0to 60 knt

12 | Altitude Pressure 0to 15 psi Secondary
transducer

13 | Airtemperature Thermometer Secondary

14 | Enginerotational speed Tachometer Secondary

15 | Time Digital clock Primary

The type of sensor nesded depends upon the purpose of the flight test, and the capablity of the
ingrumentation sysems. Coleman(1981) with his STABILEY E RPV conducted flight tests with only
body rates and control deflection messurements. With this limited number of sensors, he failed to get

severd dominant laterd derivatives. He then proposed to add alaterd acoderometer to the aircraft.

Due to the limitation in the number of sensors in thar fird flight test, Howard (1991) a the US

NAVY, measured only engine rpm and angle of atack onboard the vehide The argpeed was



measured by olbservation on the ground. Only lift and drag plots were obtained from this experiment,

and adgnificant scatter in the drag messurement was goparent.

The method of flight deta andlyss d<o dictates the type of sensors that need to be ingdled. When
regresson anayss is used, eech term involved in the regresson equation has to be measured. This
means thet, for example, to extract longituding derivatives 5 varidbles @, g, & ,q, ad deevator )

need to be measured or derived. However, a fewer number of sensors are needed when an output
error technique is used, such as maximum likdihood method (Maine, 1986). The only reguirement is

the avallability of input and output variable messurements

If redundant measurements are available, then a data compaibility andyss can be performed to the
obtained flight data The andlyss can reved any bias, scde factor and other erors, thus enabling
correction to the flight data prior to estimation of the control and gability derivetives Thisis known

asflight recongruction (Klein 1977 and Wingrove 1973).

Gengrdly among dl the inertia sensors, accelerometers produce the noisiest 9gnas The sructurd
and the engine vibration noises are the two mgor contributors to the acoderometer 9gnd noise
(Mane, 1986). Thadore, a low-pass filter should filter the dgnd) before andyss The
accderometers should dso be mounted on a rigid atachment to reduce noise from any dructurd

vibrations
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2.1.2 (Data acquisition system)

The most common problems with the data acguisition sysems are (Maine, 1986)

1. Timetags.

Time tagging ensuresthet dl the measurements are teken a the sametime reference. Error inthetime
tagging degrades the estimation process. This error should be less than 10 msec. Hodge (1975) in
his paper pointed out that the word inaccuracy in the esimated parameters is found when thereisa

time shift in the control surface messurements.

2. Alisang and prefiltering

The antidisng and prefiltering should be paformed before sampling, for example by usng a 40%

Nyquigt frequency filter.
3. Samplerate.

Normally the data are sampled at 100 - 200Hz. Then the dataisfiltered out and thinned to 25-50Hz
for pog-flight deta andyss. However, in aradio controlled modd flight test, a sampling rate of 25-

60 Hz is commonly used (Coleman 1981, Wong 1989 and Yip 1992).

4. Resolution.

Butter (1976) pointed out thet the dominant factor effecting the errors in the estimated derivatives is
the control surface deflection errors. Hence the resolution of the control surfaces should be as good

aspossble, typicaly 1/100 - 1/200 of thefull scale
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2.1.3 (Telemetry system)

There are a number of tdemetry systems avallable, such as FM, AM, PCW, PCM, ec. However
the pulse coded modulaion (PCM) is the mogt frequently used in the flight test program. 1liff (1976),
Colemann (1981), and Wong (1989) ussd PCM tdemetry system). Remtron RTS-1 sysem is one
of the commerddly avalable PCM typed tdemetry sysems This sysem is the one that the
Computer Sysem Depatment & the Royd Mdboumne Inditute of Technology is developing

(Howel, 1994).

2.2 Flight data analysis

2.2.1 M odel dynamics

The liner mathematicd modd is adequate for amal perturbation andyss of a conventiond
configuration UAV. Thelinear modd has aso been extenavdy usad for the extraction of Sability and
contral derivatives from flight test data of generd aviaion araraft (Iliff 1976, Colemann 1981, and

Budd 1993).

The modd should be sHected S0 as to give the amplest meeningful modd of the vehide s dynamic
for a paticular manoeuvre. Vdidation of the assumed modd is then caried out, by utilisng a

datidicd andyss(eg. resdud andyss).

A norHlinear modd becomes important in aritica flight regimes where condderaion of non-attached
flow is assumed. Examples of such conditions are pogt dal regimes high angle of atack flights
unconventiond configuration and rgpid manoeuvres. Eulrich (1974) and Raignghani (1993) discuss
such nonHlinear moddling. However, the norHinear andlyss was not consdered necessary for the

Tdemader T-240 project.
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2.2.2 Parameter estimation methods

Many papers have been written which discuss the parameter edimation methods such as Klen
(1973), Ross (1979), Mane (1986), and liff (1989). Klen (1973) and Ross (1979) discussed in
paticular, the estimetion of dability and control derivatives from flight data In principle, the
paranger estimaion method is divided into 2 man goproaches in respect to modd dructures

equation error gpproach and output error gpproach.

Equetion error techniques (such as linear regresson) solve smultaneous linear dgebraic equations,
The eguaion of the form Ax=y is solved to find the unknown metrix A. Here x isthe date matrix and
y is the output metrix. This technique is quite Smple However, it requires a large number of
measurements, namdy the sysem’'s dates as wdl as the input-output. All those measurements ought
to be measured with a rdativdy high-accuracy indrumentation sysem. The peformance of this
technique degrades dradticaly in the presance of bias erors in the indrumentation. Examples of this
technique can be found in Laban (1994) and Mulder (1994). The Ddft Univeraty of Technology hes
aso devdopad ‘Two Step Method” which is a combingtion of ‘Hight Path Recongruction’ and

‘Data Compatibility Check’ with regresson andyss

The output error gpproach is more popular in the fidd of parameter edimation than the equation
error. The output error gpproach requires fewer numbers of sensors. Generdised least square (or
weighted least square), Maximum Likdihood method and Bayes method are basad on this output
error goproach. The difference among the three methods described above lies in the sdlection of the
cog function. The Generdisad Least Square dlows only a near zero leve of noise, or known noise
levd of the various ingrumentation used. The Maximum Likdihood Method (MLM) assumes a

White-Gaussan noise in the ingrumentation. However, if a process or input noise is present, the
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method fails to converge into asolution. A Kamean filter should then be incorporated to the MLM to

enable the edimation of the sysem’s sates(Milne, 1992).

The MLM isthe most widdy usad method on the extraction of stability and contral derivatives from
flight test data NASA has deveoped a computer code (MMLES3) to perform this dgorithm (Maine,

1981).

The Bayes method is not widdy used in the estimation of sability and control derivatives The reeson
for this is tha the method assumes a known apriori datidica noise In practice this apriori

datidicd noiseisnot dways avaladle

In this project, the Maximum Likdihood Method is seected as the main dgorithm to extract Sability
and contral derivetives of agmdl UAV from the flight test data. This method has severd beneficd

features such asthe fallowing:

It gives asymptaticaly unbiased and consgent edimates.

Only input and output detais required, and hence less number of sensors needed.

Good performance, even in the presence of output noise. If input or process noise is presat,

then aMLM+Kdman filter isusad.

A Cramer-Rao bound, which is by-product of the dgorithm, can be used as a messure of

accurecy of theindividud estimated parameters(Maine and 1liff, 1981)

A-priori information can be incorporated, eg. from wind tunnd reults.

MLM iswiddy usad in the extraction of gability and contral derivatives of ather amdl or large

UAV, and other types of arcraft.
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A routine to paform MLM dgarithm is avalade in ether MATLAB MMLES toolbox (Milne,
1992) or Xmah (Matrix-X) identification module. Both Matlab and Xmah software are

accessble a the Aerogpace Engineering Department, RMIT.

Some problems commonly encountered in usng the maximum likdihood andysis ooaur if;

Thereisalinear dependency between the unknown parameters,

There is agrodadic coupling between flight mechanics and dructurd modes, eg. dructurd

vibration.

Driftsin the dates eg. caused by vaiaion in flight conditions

Improper pedificaion of indrumentation and inaccurate moddling.

2.3 Input forms

The mogt widdy used inputs for dynamic flight tesing are Sngle pulse and doublet (lliff 1976,
Colemann 1981, Howard 1991 and Yip 1992). Bath inputs are rddively easy to execute while a
the same time producing regponses with a rdaivey rich information about the dynamics of the
vehide Other commonly used inputs are PRBS, sne-swegp and 3211 type (see Hgure 2-1).
Severd papers have dso been written in formulating a mathematically optimal input (Chen,
1975). However this type of input is rather complex and difficult to execute during flights Other
condraints that dictate the input form sdection are safety, envelope coverage, hardware condrants,

and contral sygemsinfluence.
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Figure 2-1: Type of control inputsfor dynamic flight testing

19



3. Overview of the method

Sdection of a paticular method in flight tesing amodd arcraft degpends on the objective of the teg,
number of messurements taken and thar type of accuracy, and means of computationd available In
this project, the sability and control derivatives of the Tdemagter T240 modd are estimated from

flight test data using an output error method.

The output error method is used in extracting the Sability and control derivative of the arcraft (Hgure
3-1). The method minimises a defined eror cogt function (J) to produce the best fit between the
flight deta and its smulated responses of the assumed mathematicdl modd. Since the assumed
mathematicad modd conggts of severd unknown parameters that have to be identified, the method is

aso commonly known as the parameter identification.

input responses

+
~() error

Figure 3-1: Output error algorithm
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The whdle adtivity in flight testing the UAV modd is depicted in Figure 3-2. Test planning, mass
characteridics determination and cdibration of indrumentation are categorised as pre-flight activities,
wheress data processng & andyss, data compatibility check and parameter identification as podt-

flight ectivities

A-priori informetion about the derivatives is usad to ather complement or as3g in the process of
extracting derivatives from flight data. This a-priori informeation may be derived from severd sources
such as hand cdceulation (pure theory or semi-empirical), wind tunnd tesing, computationd fluid
dynamic or other independent flight tests. In this project only the hand calculation (performed using
Advance Aircreft Andyss AAA-V.1.7 software program) and results from previous flight tests are

usad as apriori informetion for the subsequent andyss

A Priory
Hand Wind | CFD | Other flight
Plan & Calculation | Tunnel tests

Objectives ‘
Calibration Flight Data Processing Agﬁ’g{ﬁ',gc
M anoeuvers & Analysis Database

& Pretest

M Data Aerodynamic
P asf Compatibility Par ameter
Alichis Check identification

Figure 3-2: Flight dynamic test activities

Asfor comparison to the parameter identification techniques, severd exiding conventiond techniques
have dso been automated. Chepter 3.1 destribes briefly the theory behind these sdected

conventiond techniques.
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3.1 Conventional Methods

There ae savad exiding conventiond methods to andyse dynamic flight deta, such as TPR
(Trandent Pesk Raio), MTPR (Modified Trandent Pegk Ratio), TR (Trandent raio), MS
(Maximum Sopes) and SRR (Separated Red Roots). All of these methods are based on extracting
dynamic characteridics (such as damping ratio and naturd frequency) from the recorded system
responses. For example, one can extract the naturd frequency and damping ratio of a short period
mode from a recorded pitch rate. Smilaly, the Spird and Dutch characteridics can be estimaed
from the recorded yaw rate. One main difficulty when usng these methods is thet it is sometimes
difficult to andyse data from a wel damped recorded response tha shows little osdllatory
behaviour. References such as Ward (1993) and Eshdby (1991) ded with the practicd gpplication

of these conventiond method of dynamic flight tesing.

The fallowing two conventional methods are selected for this project Snce they are Smple, practicd
and easy to program in Matlab script language.

1. TPR (Transient Pesk Ratio) method.

The processinvolved in the TPR method is depicted in Figure 3-1 bdow:

, : Read chart
: —> —> —
Flight Transient Peak Ratio (TPR) TPR vs damping —> X

trace "

—® Damped period (T)

Figure 3-1: Transent Peak Ratio method diagram



Whee TPR=X2=% (3-1)
Xl X2
And w=—2_ (3-2)
T4/1- x?
) A complete deal theory can be found in Ward
" (1993) from page 211 to 225.
T 1 The method has been automated by the author usng
ol /RW/\\/A — Matlab. To execute the program, smply type TPR
NS a the Matlab prompt.
-0.4¢ T
Figure 3-2: Transent Peak Ratio
Measurements 2. Curve Ftting

This method is based on fitting a fird or second order curve to the flight response. Newton

minimisgtion agorithm is usad to minimise the error between the fitted curve and the flight response

Thefirg order sydemisgiven as y=K, + Kze'% ..... (3-3)

The Matlab programs needed to perform these methods are contained in files, ordell.m, ordel2.m,
orde21.m and orde22.m. Type ordel2 to paform afird order curve fitting or orde22 to perform a

second order curvefitting.
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3.2 Parameter identification techniques

Three different parameter identification methods, The Linear Regresson (LR), Maximum Likdihood
(ML), and Interactive Curve Matching (ICM) are sHected for identifying the aerodynamic gability
and ocontrol parameters from flight data The ML method is the man dgorithm in this projedt,
wheress the LR and ICM are complements. The parameters obtained from the LR and ICM

andyss are used asinitid esimates for the Maximum Likedihood.

LR

ICM

Maximum
Likelihood

Derivatives

Hand calculation

Previousflight tests

Figure 3-1. Relationship among the different techniques used in this project

Lineer regresson andlyss treets the arcraft equation of motion separatdy (see equiation 3-19 and 3-
20). The parameter esimates are obtained by minimisng the eror cogt function for thet particular
equation. However, when the regressors (independent variables) are contaminated  with

measurement noise, the method produces a biased esimete of parameters

In contradt to LR, the ML method minimises a combined codt function of severd equations The
method produces an asymptaticdly unbiasad, efficdent and conggent esimate of parameters. The
method is more complex than the regresson. Also agood initid esimate of parameters is required

when extracting parameters from poorly exdted responsesin the flight deta (11iff, 1989).
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In contragt to the previous two numerica goproaches (LR and ML), the ICM is entirdy a graphica
technique. The Interactive Curve Matching, as the name suggedts, is a method of trying to fit the
measured araraft flight test reponses with computed responses by interactively adjuding the vaues
of the deivatives. This method is vary smple and dlows a grgphicd observation during the
identification process It is the badgc principle of dl the output error methods. The only different is
that the criterion of fit is decided by the operator by obsarving the goodness of fit on the computer

monitor, and hence is a ubjective metter.

Hgure 3-2 illudrates the inputs and outputs of the three different methods described above The
MLM and ICM methods reguire fewer measurementsin both longituding and laterd variadlesthen

theLR.
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Figure 3-2: Input - Output for thethree different identification methods

3.2.1Linear regression

INPUT »[ REGRESSION ]
a q deevaor ANALYSIS \
4 6
i Cza Czq Czddevalor
> [ MAXIMUM
INPUT LIKELIHOOD ]/' Cma Cmy  CMayevaror
a8 q deevao INTERACTICE
CURVE MATCHING
INPUT
b dliteron REGRESSION Cy,
D P duse ANALYSIS \ Cle Cl, CI
r . Cnb Cnp Cnr
Cydaileron Cyl*udder
INPUT MAXIMUM Claileron Cld udder
LIKELIHOOD CNérudder
b daileron
P drudder INTERACTICE
r CURVE MATCHING

This saction describes briefly the linear regresson technique, the solution and its datisticd accuracy.

Draper and Smith (1981) give amore detailed explanation of the technique

For alinear sysem, the modd can be represented in a polynomid form as
Y(t) =g+, X O X+ oo X, T E

or asaregresson equdion Y = Xg+e

T
where X =[1 % X X3 ... X,y and g=[do d; G A3 . Upy
X = regressor matrix (N x n) N = number of parameter

Y = measured Y matrix (N x 1) N = number of data points

e = equation error q = estimated parameters
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The parameter esimate g is obtained by minimisng the error cost function J, given as

N
3=8[e]’, Which produces the parameter esimate g as
1

q=(X"X)*x"y L (3-8)

The soreed of parameter estimate (covariance) is caculated as;
covariance(q) =s 2(X*X)* (3-9)

Where s? » ele

N -
The quantity of information in the deta thet can be explained by the modd is given in the coeffident of
determination R, where:

f o Al -y)?

, _ SUMOF SQUAIe  eion _ E':ol (Y, y)2 0fR2E 1
sumof square,,, avy-y: .. (3-11)

y=meanof y, and Yy =estimateofy,

The corrdation between the regressor isgiven asR;
X' X T

Where R= w = diagonal elements of (X X) matrix ... (3-12)
8 WWT

and X isthe centred data X - >Tj i=12,....

The adequacy of the modd can be assessed by looking a the R, F and PRESS values

EITXTY_ NVZ
R2 :W ..... ( 3'13)
N o
PRESS=§ —yO-vyor (3-14)
, & variance(y(i))u
- ——
é S a
) 2
F= ﬁ f 1_RR2 ..... (3-15)

A better modd isindicated by high vaues of the above varidbles

Thefallowing assumptions are used when using the linear regresson method:

(1) X isdeterminidic (no noise)

(i1) e isuncorrdated with X

(iii) e isidentically distributed and uncorrelated with zero meen and variance s (i.e white noise).
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3.2.2 Maximum likelihood method

A linear dynamic modd of an arcraft can be given in adae-gpace form as,

x(t) = Ax(t) +Bu(t) + Fh(t)

..... (3-16)
z(t) = Cx(t) + Du(t) + Gn(t)

Whee

X(t) = Stateat timet = Dynamic matrix

Z(t) = Measurement at timet = Control distribution matrix

u(t) = Input at timet State measurement matrix

Transmission matrix
Square root of the state noise spectral density, FF'
= Square root of measurement noise covariance matrix

n(t), h(t)= Gaussian noise

OGTMoOOw>

The maximum likdihood esimator maximises the conditiond probehility dengty function of the

output, given the st of parameter ., i.e maximisng R(y: / Q).
P(y: / q) is nomdly given in logarithmic form and known as the logarithmic likdihood function
LLHq).
N
LLF(q) :%é_ sT(RR)Z +%Iog|RRT|+%Iog o (3-17)
i=1
Where RR" = E[Z7"]

To minimise the likdihood function aove, a Quadratic, Marquart, Condrained Newton or other
minimisation technique can then be usad to predid the successve edimae of the unknown

parameters. The detail computationa technique usad in this project is described in chapter 4.

Suppose the parameter st to be edtimated isx, then the esimate of x a iterdtion L+1 isgiven as

Xl =X, - [N§ LLF&L)]'l[NXLLF&L )] ..... (3-18)
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For afixed RR™*, thefirst and second gradient are given as

N
N,LLF®=GRAD =- Q (N, Z)"(RR")*Z L. (3-19)
i=1

N N
N2ZLLF =g (N, Z)T(RRT) 1N, Z)+Q (R2Z)RRT) 'z
= T (3-20)
=HES+§ (R?Z)(RR") 7,

i=1

N
Where HES= § (R, Z)"(RRT) *(R,Z) .. (3-21)

i=1

The accuracy of the parameter estimates can be assessad by determining therr Cramer Rao Bounds
(CR)poung, Which gives an esimate of the Sandard deviation of each paraneter. The CR bound is

cdculated viathe information metrix H asfollows,

2 LLF(X) minimum HES ( 3'22 )

2 _ -1
(CRoound) =H - (N _ 1)

A more detall explandtion of the method can be found in [liff and Maine (1979) and Iliff (1939).
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3.2.3 Interactive Curve Matching

Thebagcideaof thismethod isto interactively change the vaue of gability and control derivatives of

the assumed mathematicd modd, to obtain agood fit between the cd culated responses and those of

flight deta. The dgarithm for thismethod is given in Hgure 3-7.

The gpplication of this technique is possble due to a fadlity known as GUI (Grgphicd User
Interface) offered in MATLAB Software. Figure 32 shows a longitudind ICM with 8 different

diders represanting 8 different derivative vaues. Also shown is the corresponding error between the

flight data.and thefitted curve.

The assumed
mathematical model
dynamic

f

Error criterion

Graphical plots
Mean errors
Standard
deviations

% o -

Sliders, representing derivative values

Figure 3-1: Thelnteractive Curve Matching algorithm




0.0E0ET

Figure 3-2: Longitudinal Curve Matching Menu programmed in Matlab, and it’s

corresponding error layout.

3.3 Model dynamics

Sdedtion of an 'adequate modd' in the andyss of flight test data is ariticd to the success of the
Identification process. The criteria for the adequate modd are however, difficult to quantify. The
modd is sad to be adeguate if it is Imple and yet has a physcd meaningful interpretation. A-priori
information such as that from wind tunnd testing is normally used to assst in the sdlection of theright

modd.

For a rigid araaft, its dynamics can be represented by a 9x degree of freedom, non-linear
methematicdl modd. This modd condsts of 6 equations, which couple the longitudind and laterd
moation of the arcraft. Due to the complexity of the equations, this modd is not normally used in the
extraction of dability and contral derivaives from flight data. Insteed, reduced linear, uncoupled

equations of mations are frequently used.
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Smilaly in this project, the linearised uncoupled longitudind and laterd equations of mation are
Hedted for the andyds of the flight data These equaions have been used extensvedy and
successfully to andyse flight deta (11iff, Mane and Montgomery 1979, Coleman 1981, Budd 1993).
Snce the aradt is of a conventiond configuration and the manoeuvres conducted are of amdl
perturbation, these reduced equations should prove to be adequate. Theoreticdly from these
equations, 6 longitudind and 15 laterd derivatives can be extracted. However in practice, it is not
adways posshie to get dl the 21 derivatives from a Sngle manoeuvre. A low information content of

theflight dataisatypica cause of the problem.

(@ The longitudind mation, expressng perturbation from a horizontd geedy flight is written as

(Klein, 1994):
a . rv,Sae qc 0
0 —a-(g= Cza+Cz, —+C d +Cz+
/CO om 8 za Zq 2\/0 Zdelevator elevator ZOg (3 23)
. N VARS of:- qac o
= = Cma+Cm —+C d +Cm,+
q q 2|y g ”L rrh 2\/0 rrllele\/ator elevator mag
Or in agae-gace form as,
ngOSCzd 1+§C u {arVOSCZd rVSC u
@u_g 2m am l_,,leu;ﬁ.u'l‘g 2m devator @ evatoru (3 24)
é u-— < 2 2 ," ') © 2
ol ArVOSCCITL rv,& Cm GE90 ArVOScC rV Sch)ue u
e 2Iy 4Iy g g 2Iy deator 2Iy H

Note that in the moment equation, the Cm derivatives are the compound effect of severd vaiades

asfdlows cm=cm(a,a,q,d

canard)



Cm, =Cm),

+§Crrfa Cz,
4m

. &: e
e, Cm, =Cm_ +Cm, §L+r—Czq% ..... (3-25)
C rnj r‘nldele'vator ' SC Cm Czdelevator
devator m
(b) The laterd mation, expressng perturbation from a seedy flight condition;
a/ _; g _rv,Sa pb rb 0
 =br- \TCDSOIof —Eé@bmcfypg;@r go-l-qlda-lamdaile'm + O grette et +Cy05
I VZSbae pb rb 0
p- 21 = CIbC]—+C|—C] d,.,td, d .. +d+
P 3 g 2\/0 N, aren Dilron T A d e Gruccer 0
I rVZSbae o, b o}
-=p b+0n, —+ Qyon + d,. +O= (3-26
lz 8013 N 2\/0 O.lja”qm alleron O‘hrm rudder O‘Og ( )
f =p+r tzanq0
a, =V,(D+r)- (goosq,)F
Or in the date-goace form as;
e u €rv.S r<o rs u
é l:I,- N ? . Cyb _Cyp _Cyr - 19
al o0 0 fbu & 2m 4m 4m Udo ()
& 1 . |, (€ g_ngOZSb | rvV, S’ ol rv, b? ol & _u
e |X@°uérp‘d_g o v Tar o Tar rePa
gn ) Ixz 1 lje u érVOZS) n I‘VOS)Z rVOS)Z Cn tj%rg
8 l, s & 21, © 41, P4l "M
..... (3-27)
érVv,S rso r<o u
é ° ydajleron _Cydmdde( _Cyo + gCOSQOf 0
A 2m 2m 2m V, "z N
€ 0 lHjaileronu
erv;z:S rvyo cl rV025bC| u‘:ad 0
@T d gileron 2|X rudder 2|X 0 L:bi rudderl;|
STV rVesh rVesb o £
A d, rudder 0 ‘]
g 21, den D 21, H



For prdiminary andyds, the modd can be further amplified into three Imple Sngle plane modds
(equations 3-28 to 3-30). Thee mathematicd modds ae vdid if we assume tha smdl

perturbations are made about one axis only, and thet the mation is confined to that plane only.

. rv,Sae
a =q+
2m

Aitch only modd:
rvVysc

21,

g%n’ka CI’TL el Crnielevator elevator

2 L
p: r\/O S:’?p E +Od ; dailemn2
Rall only mod!: 2, & Py Cwedemy (3-29)

b= O+ Qs - 1

r\ e pb

5
p Clb+C| Cld, dale'on;
2D Yaw-roll modd: 2, &0 Py ey (3-30)

stog)‘[,tHChp

To modd any nontHlinear effect, Eulrich and Rynasky (1974), and Raisnghani (1993) discuss some

of the non-linear moddling. However, this norHinear moddling is outsde the scope of this project.

Table 3-2: Stability and control parametersused in thelinear dynamic

modd.
Longitudinal (6 parameters) Lateral (15 parameters)
Level of | Static Dynamic Control Satic Dynamic Control
importance
Prlmay Cza Qna Cmq OThelevaior Clb Cnb C'p Cnr CIda;ileron
Cnyudder
Secondary CZq Cchevalor C'yb Crlp Clr Cncbileron
Clcrudder
Tertiary Gy, Oy, CY aileron
C’yduddsr




3.4 Flight Test Manoeuvres

The fdlowing criteria were teken into account when choosng the type of contral inputs and

manoeuvres to be performed by the pilot:

Mog dynamic derivaives can be extracted sucoessfully from manoeuvre with only a doublet
input, with the input frequency near the vehidée's naturd frequency, which is goproximatdy 5

rad/s for the T240 modd. Thisform of input isthe mogt practica (Maine, 1986).

Alternaivedy, the 3211 form input should be performed snce this input has a wider frequency
content and thus produces a better estimate of parameters. The wider the frequency spectrum
the more likdy the arcraft isto be exdted. However, thistype of input israther difficult to redise

in practice then the pulse or doublet forms.
Minimise any cross coupling between the longituding and laterd mations.

The manoewvre should be performed in the linearity range (i.e a and b excursgons should not
exceed £5 degrees) and of condant gpead, S0 that the vdlidity of the linear equation of mations

are presarved.

The manoeuvre should be performed on smooath ar, i.e. no turbulence present. Turbulence can
introduce moddling erors, Snce no turbulence modd s incorporated in the flight deta processng

Dftware

The manoeuvres are best paformed a engineide, thus minimisng any effect of the engine loads

and vibrations.

To increase the datidicd confidence of the parameter edimates, every manoeuvre should be

repeated a least twice.



4. Flight Test Software Development

To process ad andyse data from the flight teds a computer program has been developed

spedificdly for this project. The program must perform the following tasks
Dynamic smulation of the modd araraft
Sgnd processing of theflight deta
Grgphicd representation of set of data
| dentification of stability and control derivatives
Sate esimation of unmeesured variadles (Hight recongtruction).
The MATLAB software has been sdected ance it has severd bendficid features, such as
A powerful computing capability.
A good grgphic capabilities
Grephicd User Interface (GUI) cgpahilities
Many built-in fundtions
Rdativey easy to program (in the form of soript M files).
A Persond Computer versonisavalladle
Smulation program is supported ( SMULINK).

It hasagpecid tool box for Maximum Likdihood Algorithm The Fortran verson of this program

(MMLE3) isnormdly usad in arcraft indudtry to perform their parameter identification process



The dructure of the program is given in Figure 41. It has 5 main categories, dynamic Smulation,
flignt data, ability & control derivative edimation, data competibility andyss and apriori. Each

category conddts of severd functions which perform the necessary cdculations for that particular

category.
A-priori
Wind tunnel
Hand calculation
Dynamic Simulation - Prior Flight test
Longitudinal "
Late?al Stability & Control
| Derivative Estimation Stability & Control
» |- CurveMaiching —>| Derivative Data Base
| - Regression
Flight Data - Maximum Likelihood
r
Conditionin —
Convertion.getc Data Compatibility
Analysis

Figure4-1: The structure of the flight test computer program developed for the project

The whole program contains severd sub-programs in the form of M stript files These M files
perform jus as subroutines in programming languages such as C or Fortran. The result of the
cdculaion from eech M file is saved in a binary form with extenson .méat (therefore named as ma

files). The interconnection between M filesand mat filesin the program is described in FHgure 4-2.
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| parameter identification files

—| Lslongui.m }—|y_ISlon.mat

¢ Dynamic simulation files

londatamat —»| Ldatgui.m | |y_ISat.mat

c
3
2
|
o
2
o
<
S
3
v
l

L—»|Latdyn.m »(latdata. mat

+—»| Mllongui.m |—|y_mllon.mat

| Mllatgui.m |—|y_mllat.mat

Flight data | JFiltsgm |—» |Orde2l.m

Matchlon.m y_malon.mat

Y

L »|Smooth.m |——|Ordell.m |—»

—| Matchlat.m y_malat.mat

Data prepocessing files

Figure 4-2: Inter connection between M and mat filesin the program

Interaction between the program and the usars is made as friendly as possble. Thanks to the fadlity
known as GUI in MATLAB that makes it possble The usar can change any vaues and dick any

buttons to perform any required functions. The complete window menus avalable in the program are

givenin gopendix 5.



4.1 The MMLE3 State-Space Identification Tool-box on Matlab.

The tool-box contains functions for the parameter edimation of continuous linear time-invariart,

multi-input multi-output, Sate-gpace modds from obsarved input-output deta, usng ather the

maximum likelihood or output error method. The tool-box is an enhanced Matlab implementation of

the widdy usad parameter identification program in processing flight data (Maine 1981). It runson a

persond computer, under the environment of Matleb software. The todl-box is very user friendly,

accessble, and easy to modify or incorporated with other deta processing functions in Matleb. The

Seps neaded for the esimation isgivenin Fgure 4-1.

INPUT

Computation of

Dynamical model, by
creating m fileto
convert parameter
vector into state-space
model; as:
[a,phi,gam,c,d,q,x0,dt,r
owing,b]=filename(p)

AN function

Note:
wersum isdefined as

Calculation of Minimisation of
gradiert and wersumé& wersumé&
hessian of cost likellihood likellihood
function function
T
Input-output data Choices of algorithm:
Initial estimate of . Quadratic
parameters Lavenberg-
Apriory valuesand Marquardt
their standard Constrained
deviation (optional) Newton

Indices of parameters
to be identified with
Quadratic, Lavenberg-
marquardt or
Constrained Newton
Perturbation size
Initial estimate of
innovation covariance
metrix ggo

OPT(Max iteration and
convergencecriteria
for the minimization
algorithm)

1INt 7.1
—az (RR)
Nm 1

N
function isthen calculated as: LLF = ;(m wersum + |Od 99|)

OUPUT

A , and it convergesto 1 at the minimum. The logarithmic likelihood

Parameter vaues
Predicted output
Gradient and Hessian
of the cost function
Filtered innovation
sequence
Filtered/unfiltered
Cramer Rao Bounds
Sensitivities

GDOP (Geometric
Dillution of Precision).
Innovation covariance
matrix

Kalmanfilter gain
Correlation coefficient
matrix

Figure4-1: Summary on the use of MMLE3 toolbox in MATLAB
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The parameters being identified are given in varidble name p(pid). To ensure thet the dgorithm has
reeched the globad minimum point, and therefore the p(pid) is the maximum likelihood parameters,
then the following properties are worth investigating:

Thevaue of LLF has resched the minimum vaue

Thevduedf wersum ® 1 (i.e resdud = Gaussan), asthe cod function ® minmum

The gradient gpproaches zero, i.e. varidble MaxGrad ® 0.

No further changein parameter, i.e max(dP) ® 0.

The plot of output dataand response estimeate (yest) are matched.

The plot of innovation (inovt) should show an uncorrdated Gaussan noise

The RRnsum (sum of resdud covariance) ® afixed vaue asthe cod function ® minimum

Smdl vdue of Cramer Rao Bounds (2faramer) and insangtivities Large vaues of these variables
indicate a poor information content in the data to identify a particular parameter (i.e insangtiveto
paameter). These parameters should then be fixed or supplied with apriori information from

wind tunnd or previousflight test deta

The scatter of parameter estimates from repeated experimentsis goproximatdy 1-2 timesthe

fe f .
filtered Cramer-Rao Bound, where cr R‘/ iter y "nyapis

. =C
filtered m m




4.2 Data Compatibility Analysis (Flight Data Reconstruction)

Data compatibility andyds to the measured outputs is becoming an important procedure prior to
processing flight dynamic test data. The andlyd's gives estimetes to any unmessured varigbles (acts as
a date edimator), and dso edimates any biasad erors in the measured response data. Pepers
written by Wingrove (1973) ad Klen (1977) present severd methods in conducting the
compdibility andyds

The proposad compatibility checking in this project is described in the Figure 4- 1 bdow:

MInimiztion | quefpy] Biasand sdle
techniques arors
lvlalb
b, b b,
Edimated dates
uvw
pqraxay az uvwqfyxyz ?(fy);
Figure 4-1:. Compatibility checking algorithm used in this project
The complete kinematics equation isgiven as
u=a, - gw+rv- gsing
v=a, - ru+pw+gsinfcosgq . (4-1)
W=a, - pv+qu+ z, +gcosf sinq
q =qcosf - rsinf
f = p+qsinf tanq+rcosf tanq .. (4-2)

y =rcosf /cosq+qsinf /cosq
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h=using- veosgsinf - wcosq cosf
X =ucosgoosy +Vv(sinf sinqcosy - cosf siny ) +w(cosf sinqcosy +sinf siny )..(4-3)
y =ucosgsiny +v(sinf snqsiny +cosf cosy ) + w(cosf sinqsiny - sinf cosy )

And the output equetion as

V= (1+1))/(U? +v2 +W?) +b,

b=(1+I b)tanlguva ..... (4-4)

1eu

guf""

a=(1+)tan

If p,a,r.a, &, and & are messured without eror, i.e. determinidtic systems, then the unknown bias
(by, ba,, by ) and scdlar erors(l v, | a,, | b ) can be obtained using alinear regression to the above

equaions.

To amplify the andyss, the complete nontlinear kinematics equtions above ae reduces to

uncoupled longitudind and laterd equaions as

(Assuming condant velodty V), then

. _ 8, a= o Sy
asyta P (EV pa
L (4-5)
b:i-r [} A:a@ 9
\Y g [7]

Asuming &, &y,  and r are measured without error, then
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a. =(1+1  )a +b, +measurement noise

b,=0+I b)lE)+bb + measurement noise

The scele and bias errors are then edtimeted by minimising & (a; - aii)2 and i (bj - Bi)z.



5. Model Description & Testing

5.1 Model Description
Thearcraft modd to beflight tested isthe Tdemadter T240 (Fgure 5-1). It isa conventiond wing-

tall configuration with devator, flgp, aleron and rudder as the aerodynamic contral surfaces. The

modd has 2.26m wingspan and 1.55m fusdage length. More detailed characteridtics of the modd

aregiven in gopendix 3.

Figure5-1: The Telemaster T240 aircraft model to be flight tested.

Themodd weghs about 10K g, of which 60% condtitutes the Sructurd weight. Table 5-1 showsthe

complete weght breskdown of the modd.

Table 5-1: Weight breakdown of the T 240 air craft mode

Body and engine 5192 50.1
Undercarriage 547 53
Left wing 1238.3 120
Right wing 1169.6 113
DAS+ MU 1480.9 14.3
DAS power supply 335.7 32
Pressure sensor 106.3 10
Flow vanes boom 1223 12
Pitot static boom 167.4 16
Total 10359.5 100




Thewhole vehideis condructed from commercid home-built components The dructure of the
T240 is balsawood, covered with compogte skin. The main wing sructure conadgs of asngle

plywood spar strengthened by severd basawood ribs dong the wing soan.

Thevehideis powered by asmdl 22cc aeromoddling glow-plug engine Irvine-150. A two bladed
fixed pitch propdler (16" diameter and 8" pitch) is usad. With this engine and propeler combingtion,
goproximatdy 15N thrust can be produced for cruise at engine speed of 7500rpm. Thiswas

measured in the wind tunnd, as can be seenin Hgure 5-4.

Three main control surfaces (devator, rudder and aleron) are usad to control the arcreft. A flgpis
a0 added asto generate more lift if nesded. The control surfaces are driven by dectricdly sarvo
actuators. All these sarvas are controlled by Futaba RC Max-7 sysem, which uses PCM encoding
a frequency of 36 MHz. However, & alater dagein flight testing, the PCM tranamitter was
replaced by a TF-FM a 29.725 MHz dueto interference. The contral systems, including the on-

board recalvers are powered by a 7.2 Ni-Cad baitery with cgpacity of 1.2 ampere hour.

5.2 Engine testing

The fallowing section describes the thrust messurement in the wind tunnd. This is needed to meke
correction when the flight test is conducted with engine on. However, when the test is conducted at

engineidle, the correction will not be necessary.

Vaious thrus measurement techniques are available such as direct force measurement, propdler
dipdream messurement, propdler modds, and combined propdler and engine modds (Laben,
1990, page 57). The propeler modd technique was sdected in this project due to its smplicity.

Also, the technique requires only messurement of propeler operating conditions.



The propdler modd technique rdaes wind tunnd measurements of airgpesd (v) and propdler
rotationd peed () to the thrust generated by the propdler. For a fixed pitch propdler, the blade
dement theory shows that the thrust produced is directly proportiond to the advance ratio J (where

J=v/nD), see Laban (1990) page 71.

The st up of the expariment isgiven in Figure 5-1. The engine was supported on the thrust balance.

This baance measured the change in thrust as the engine rpm and wind tunnd speeds were varied.

Digital Tachometer U tﬂ engine + part girspeed

X of fyselage
W

Torch

pitot static

Wind Tunnel / Thrust \ Inclined
balance manometer
PCM \
Ireciever °
00
400mA hr |
- o - -
5Volt JR remote
regulator 7 channgl 36 MHz

Figure 5-1: Experiment set-up for the enginetest



Figure5-2: Thrust measurement in the 50x50cm Aer ospace Engineering wind

tunnd, RMIT.

Haure 5-2 shows the testing of the RC-80 engine in the wind tunnd. However, ancewe
encountered many problemswith the RC-80 in time of T240sfird flight testing, we just had to

change the engine to Irvine-150. Though, the engine test result could il be used Snce we utilised

the same type of propdler.

Thereault of the enginetest isgiven in Hgure 5-3 and Fgure 5-4. Fgure 5-3 shows that the thrust
coeffident islinearly rdaed to the advance ratio J. The graph covers mogt of the advance rio
operaing range for the actud flight. From this grgph, agood linear modd can be extracted. Figure

5-4 shows a good agreement between the experimenta results and those predicted by the modd.
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Thrust coefficient (Ct)

0.08
Ct 0.06 . F—
0.04 e | = et
0.02
0 |
0 05

Advance ratio (J)

Figure5-3: Thrust coefficient to advanceratio relationship for the propeller model

Thrust chart

Thrust (N)
40

30

20

10

0

‘\ & Experiment
\ 000 || fitted line
7400 rpm

3800 rom
0 20 40

Speed (m/s)

Figure 5-4. Comparison of thethrust chart from the experiment and the derived thrust

moded!.

Commentson theresult:
An adequate thrust modd has been derived from the experiment, i.e. Ct=0.065-0.089J, with the

gandard deviation of thefitted line to the experiment data of 1 Newton (error of 3%).



Some of the possible sources of errors during the experiment were;

The undteedy thrust reeding due to the engine vibration.

The presence of the wall in the working section (blockage effect). This error was caculated using

aformulataken from Pope (1947, page 256) asfollows

A
V. ¢ wheret = thrugt /(r AV2)
Y 21+ 2t

A = propdler disc areg, and C = tunnd cross sectiond area

A typicd blockage effect of 4% was obtained from the cdculation a the thrust vaue of 8.3N and

tunnd speed of 10.4nmVs Thisvaue was smdl enough to be neglected in the andyss
Extraneous drag produced by the engine support and the exhaust hose,

Thrust misdlignment between the engine body and the arflow (a2.4° misdlignment resuitsin

goproximatdy 0.8N eror in thrust measurement).

Limited accuracy of the indrumentation. The accuracy of the tachometer and the manometer are

equivadent to 0.2N and 0.3N eror in the thrust measurement respectively.

Centre of Gravity (CG) and Moment Of Inertia Determination
The centre of gravity (CG) locations and the moment of inertias were determined experimentaly (see

gopendix 6 for the results).

Horizontal and vertical CG locations were determined by placing the T240 modd on weaghing scdes
a two different points, and mesasuring the reection forces a these points. The modd was then tilted

and the scale readings were noted. The experiment was repested for anumber of tilt angles
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The eguaion for detlermining the CG isgiven in Wolowicz (1974) as

R,d
N =x- Ztanq wheeW=Ry+R«» ... (5-7)
W cosg
.,Q:ZS.Scm
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Figure 5-1: Experimental technique for determining weight and CG positions
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Figure5-2: Resultsfrom the cg experiment

Theresult of the CG test indicated thet the centre of gravity was located a 25.8 cm &t of the datum

and 15.7 cm above the datum point (see Hgure 5-1).

The pitching moment of inertia was determined by using a knife edge method. The modd was

supported on two knife-edges dong the y-axis and dlowed to ostillate (Figure 5.8). The time taken



for saverd osaillations were noted and averaged. The pitching moment of inertia was then calculated

as (De Jong, 1987):

T2 Ml
% (5-8)
4p

vy

Wherely isthe verticd disance between the cg and pivat point (in metre).

Figure 5-3: Pitching moment of inertia deter mination using a knife edge method

The yaw and rdl inertias were determined experimentdly usng bifilar sugpenson method. In this
method, the modd was suspended by two thin grings equidigant from the centre of gravity and
dlowed to osdllate fredy about the verticd axis passng through the centre of gravity. During the
expaiment, severd samples were taken, and an average reading is used in the cdculaion. The

equation to caculate the moment of inertiais given as (wolowicz, 1974):

_ T*MgR?
Fortheyavmode 4070 L (5-9)
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2
and for therall mode: 1, = ME'XZT
p

Figure 5-9: Experimental set-up to determineyaw and roll inertias
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/5trings

Figure 5-10: Yaw and Roll moment of inertias
determination using bifilar suspension method

Table 5-2 showsthe resuts of the inertia experiments

Mode Period (sec) Calculated

R (M) = 025
| (m) = 044
LX = 010
Mkg = 103

Radius of

Non-

inertia(Kgm2) = gyration R (m)  dimensional R
Yaw (1) 195 128 0.35 0.37
Rall (1) 212 115 0.33 0.30
Pitch (l,,) | 190 130 0.36 0.46

Table 5-2: Results of moment inertia experiments

5.4 Theoretical Stability and Control Derivative Estimation

Theoreticd gability and control derivatives estimation was conducted for the following purposes

To condruct smulated flight test dataand andyse the effectiveness of the various parameter

identification methods prepared in this project.

To provide apriori information for the Maximum Likdihood and Interactive Curve Matching

methods.

To compare with the derivatives estimated from flight test data

Two different theoreticad methods were used to esimate the Sability and control derivaives of the

T240 modd.




(1) The AAA (Advanced Airarat Andlyss, verson 1.7) software program (DARcorporation,
1996). This program is basad on the theory given in the book written by Roskam (1985). The
oftware provides auser friendly, iteraive cdculations of Sability and control derivetive of any
arcreft. In addition, a data base gpproach of the software dlows the user to use common sets of
arcraft parameters when the parameters of the cdculated arcraft are not yet avallable,

The edimation of the T240 g&hility and control derivatives was partly undertaken by an
undergraduate sudent working on hisfind year project (Chow, 1996).

(2 A computer program written by the author basad on the theory given in Smetana (1984). The
theory has been proved successful in esimating the derivatives of severd conventiona-subsonic light

arcraft.



6. Data Acquisition and Instrumentation Systems

6.1 Description And Specification

The data acquistion and insrumentation systems required to collect flight deta, depend on severd
factors such as tet objectives method of andyss and hardware limitations. The sysem for
extracting araraft gability and contral parameters may have different requirements then those for
performance teding. In the former testing, for example thrus and longitudind acoderation
messurements can be of secondary important when a Maximum Likdihood method is usad. In

contradt, the thrust and longitudina accderation measurements are ariticd in performance testing.

In this project, the data acquigition and indrumentation requirement is established by looking a other
gmilar research in modd flight tesing (Colemen 1981, Wong 1989, Hamory 1994, and Budd
1993). Also NASA RP1168 (Mane 1986) provides essentid guidance in edablishing these

requirements.

6.1.1 Thedata acquisition system

The data acquigtion sygem (DAYS) in this project is divided into that on-board (Figure 6-1) and on+
gound (Fgure 6-2). The sysem was developed ssparady by the Depatment of Computer

Sysdems Enginearing a the RMIT (Kneen 1994).
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Figure 6-1: On-Board data acquisition systems
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Figure 6-2: On-ground data system

Hgure 6-3 shows the block diagram for the on-board DAS. The sysem is based on an Intd 8031
microprocessor operding a 3.6864 MHz. There are two 8 channd, andog to digitd converters
plus one timer input (channd 17 & 18). The DAS samples evary 4 mill ssconds (25 Hz) with 8-bit
data resolution i.e. 256 counts for a full range data cdibration. A totd of 256 Kbytes onboard

memory dlows up to 10 minutes of data acquigtion for eech flight.
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Figure 6-3: The on-board data acquisition block diagram for the T240 flight test

program

Figure 6-4: The DAScard used in theflight test

During flight, the onboard memory records flight data for intervals of 16 seconds. The recording is

initited by means of a microswitch operated from the radio tranamitter, and terminated

automdicdly after 16 ssoconds of deta acquigtion. At the end of every flight, the data is
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downloaded into a persond computer via RS232 for further processng usng Tdemate

communicaion oftware

The system is equipped with 2 control-input buttons (see Figure 6-3), sample (green button) and
dump (blue button). When the sample button is activated, the DAS will record one set of sample for
16 ssoonds When the dump button is activated, the DAS will tranamit the contents of its memory
over the RS232 channd. This dump button has a secondary function, i.e. for a cdibration mode. If
the button is pressad during reset, the microprocessor is resst by removing and gpplying power, the
DAS will then go into cdibration mode. In this mode the input channds are continuoudy monitored
and the resuits are trangmitted via the RS232 line to a monitor. The Tdemate communicetion

oftwareis used to display and save the results for further andyss

The DAS cdllects 3 different type of input data, potentiometer inputs, voltage inputs and timer. The
potentiometer inputs can devigte pogtive or negative. For maximum sengtivity, the potentiometers
should be mounted 0 thet to give reading dose to 000 a minimum negative potentiometer
Oeflection, and dose to 255 a maximum podtive deflection. If the reguired range can not be

achieved, the resgorsin the DAS drcuit can be changed to dter the senstivity.

One channd is organized to handle voltage input. This channd will indicate 000 with no input gpplied
and 255 with the maximum. As for the potentiometer input, the sengtivity of this input can dso be

dtered by changing the resstor inthe DAS dircuit.

The timer input is used to meesure the time between input pulses In practice, these pulses will be
obtained from ahdl effect switch, which measures the rotational speed of the airaraft's propdller. The
timer provides two sts of outputs. The full result is obtained by combining 256 x fird reading +

second reeding. These readings will indicate the propdler rotationd soeed and is obtained from the



cdibration. In contragt to potentiometer and voltage inputs, the senstivity of the timer can not be

eedly changed.

6.1.2 Instrumentation systems

There are 14 sensors usad to measure inertiaand ar deta during flight meneuvers. The characteristics
of these sensors ae liged in gopendix 1. Most of the sensors are aufficently accurate and
commerddly avalddle a ardativdy low cog. The rate piezo gyro for example, is the hobby type

normally used in helicopter modds, and has an acogptable linearity range (up to 720 degy/s).
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Figure 6-1: Sensor location on the T240 model

Figure 61 shows the location of each sensor on the ararat. The individud sensors usad in this

project are described asfollows

Accel eration measurement

Linear accderometers are usad to messure longitudind, latera and verticd accderaions of the
vehide The accderometars are of the SETRA sygems type, modd 104, with 0.7 ariticad damping
and 350 Hz naturd frequency. They have an excdlent gaic and dynamic response, with unlimited
resolution (limited only by output noise levd), low transverse sangtivity (0.005 g/g), compect and
light-waght. In + 6g nomind range, they have +1% linearity, and produce aflat response from datic

up to 22 Hz. The accderometers are normaly usad in vibrations, shock and impact messurements



Angular rate measurement

Atch, rol and yaw rate messurements ae
obtained usng 3 piezo-rate gyros (type NE-
1000). These gyros use flexurd vibration of a
piezo-dectric triangular bar (sse Howdl &

William 1994). These rate gyros have a

linegrity range up to 720/ Figure 6-2: Inertia unit consists of 3 linear

accelerometers (silver) and 3 rate gyros

Since the acoderometers and rate gyros are (black)

not located exactly on the center of gravity of the arcraft, then corrections should be carried out to
therr readings. These corrections are dedt with in gopendix 2. The accderometer readings are

required to perform this correction.

Airflow direction measurement

The arflow directions (angle of atack a, ad
Sdedip b) ae obtaned usng nossboom
mounted flow vanes. A low rotationd friction
potentiometers are used to measure the vane
angular Oeflections The Muraa

MPO6M3R1HA patentiometers have a very

low minimum torque of 5 gr.am, which is an
Figure 6-3: The angle of attack flow vane mounted
esentid festure in meesring the arflow on alow friction potentiometer

direction. The potentiometers are dso shidded
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agangd awy dectromagnetic interference. From
cdculaion of the vane dynamics, the vane has a
neturd frequency of 108 rad/s and damping of
0.2. The vanes naturd frequency iswdl abovethe

vehides dynamic, and hence should nat pose any

problem.

Figure 6-8: Flow vanes boom mounted on
thewing of the air cr aft

Air speed measurement

A pressure transducer and a pitot satic tube were usad in the argpeed measurement. The pressure
transducer senses the different between totd and detic pressures from the pitot-dtatic tube, and
converts this into an equivdent argoeed. The pressure transducer (Sensym SCX01DNC) operates
a 01 ps dffeentid pressure range with a datic
snsitivity of 18 mV/pd. An amplifying drcuit has bean

built to provide a 2-5valt output for a 0-10 inches of

water pressure messurement (equivaent to 0-65 n/sof
arspesd)
Figure 6-9: Differential pressure sensor

used as speed indicator
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Enginerotational speed measurement

A hdl effect IC switch is usad as a sensor to measure the engine rotationd speed. The IC produces
a“bounce-freg’ awitching when influenced by a magnetic fidd. Hence by mounting a magnet on a
disc, which rotates with the engine, the 1IC will produce a pulse train, which corresponds to the

rotational gpeed of theengine.

The hdl effect IC switch was sdected dnce it was rdiable, amdl in Sze, inexpensve, robud to
environmentd contamination such as heet and light, and can operate up to a high repdtition rate (100

KHertz).

Hall effect IC
[ switch

magnet
1 ¥

J/(\I:I [ a enginerpm
output signal . . O
flisc

engine shaft

Balancing mass

Figure 6-5: Propeller rotational speed measurement
using a hall effect I C switch device

Figure 6-4: Enginerpm sensor and the
rotating disc

Holcomb and Tumlison from NASA (1977) used a hdl efect device to measure thar engine
rotationa gpead successfully. A light sensor device can dso be used, however adirect light from the

un may introduce an error, as experienced by Sydney Universty RPV (Wong 1989).



Control surface deflection measurement

Savo potentiometers RS173-574 are used to measure the angular deflections of the control
surfaces. The deflections to be measured are those of devator, rudder, left and right allerons. The left
and right alerons are measured separatdy, Snce they are driven by a ssparate servomotor. On the
other hand, the devaor deflection is obtained by measuring only one Sde of the control surfece

deflection Snce the left and right devators are mechanicaly connected.

Figure 6-6: Rudder deflection sensor

The andysis of the sensor erors, determinidtic and random, is described in gppendix 2.



6.2 Calibration

Fallow this procedure to carry out sensor cdlibrations
Connect the sensor to the dlocated channd number on the DAS (refer to Figure 6-3 ).

Run the Tdemate Communication software and connect the DAS output port to the RS232 on

the computer.
Apply power to the DAS and a the same time press the dump button (blue).
Y ou should then be able to monitor dl the sensor reedings continuoudy on the monitor.

The reaults of the sensor cdibration are given in gopendix 4, induding the fitted and the associated

@ror Curves.
Rate gyros

A ratetable was usad to cdibrate the pitch, yaw and rall rate gyros (FHgure 6-1). Since there was no
rotationd gpeed measurement avalable on the rate table, a switch potentiometer was used to
meesure the time teken for every revolution. FHgure 6-2 shows a typicd sample of rate gyro

cdibraion result.
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Figure 6-2: Rate gyro calibration trace

Figure 6-1. Rate gyro calibration usng arate
table

Airflow direction indicator

The cdibrations for angle of atack and yawv vanes were conducted a the 3x2m Mechanicd
Enginearing, RMIT. The whole modd was mounted on a ding, with an adjudtadle pivot for changing
the angle of atack. For one particular angle of attack setting, the modd was yawed from -25 deg to
+25 deg by rotating the table on which the modd was supported. The procedure was repested for

sverd angle of atack settings.



The gpead correction due to blockage effect in the wind tunnd was carried out using aformula taken

from Pope (1947, page 220) asfallows,

where Vd =modd voume

b = length of 9de of tunnd pardld to wingspen

h=heght of tunnd
The caculated blocking correction for this experiment turned out to be 0.0054.
Control surfaces

The control surface cdlibrations were conducted by deflecting the appropriate control surfaces while
noting the output from the corresponding channds. The control deflections were measured by a

digitd indinometer, which has an accuracy of 0.2 deg.
Pressure sensor (Airspeed indicator)

Cdibration of the airgpeed indicator (pitot-gtatic boom) was conducted in the 50x50cm Aerogpace
Engineering wind tunnd, RMIT. The pitot-gatic boom was removed from the arrcraft and placed
ingde the wind tunnd for cdibration. An indined manometer wias usad to measure the tunnd speeds
Voltage outputs from the airgoeed sensor were noted for severa tunnd spesds and plotted to obtain

the sensor cdibration.

To minimize pressure erors caused by the boom inddlation on the wing, the boom length was
desgned to be at least four times the wing thickness (Gracey, 1981). Hence no pressure error was

conddered in this project, except the kinematics position error due to offsets from the araraft's

center of gravity (see gopendix 2).
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From the cdlibration, the obtained sensor characteridics are summearized in Fgure 6-3 bdow:

Figure 6-3:Results of the sensor calibrations

Accelerometers
Rate gyro 1 (chn 2) 1.4283X-216.88 1.0005deg/s | 1.345x 10™ -170 to +170 | 1.4 deg/s
(0.27) deg/s
Rate gyro 2 (chn 3) 1.5342X-234.38 1.1977 deg/s | -3527x 10 -170 to +170 | 1.5deg/s
(0.30) deg/s
Rate gyro 3 (chn 4) -1.3555X+170.84 3.9375deg/s | 34639x 10" -170 to +170 | 1.3deg/s
(1.14) deg/s
Angle of attack vane | -0.43511X+63.768 0.6745deg | 1.228x 10* -30to +30 deg 0.4 deg
(chn 12) (0.66)
Y aw vane (chn 11) 0.41327X-57.99 0.7515deg | -0962x 10" -20to +20 deg 0.4 deg
(0.74)
Elevator (chn 15) -1.0155x10 0.2096deg | -0.7905x 10" | -30to+11 deg 0.25 deg
5X3+3.1717x10 (05)
3X2+5.9756x10%X -
33.208
Rudder (chn 16) -6.1266x10 0.3346deg | 1.5258x 10™° -30to +30 deg 0.25 deg
X 3+2.4028x10°® (0.6)
X?+9.3398x10°°X -
45.87
Right aileron (chn 14) 2.2612x10°X - 05094 deg | 59164x 10" -20to +21 deg 0.25 deg
9.3349x 107X - 12
7.5499x10°2X-21.917
Left aileron (chn 13) -2.767x10° 0.1747deg | -1.790x 10™° -13t0 +17 deg 0.25 deg
6% 3+1.3356x103X % (0.58)
4.477x10°X-18.115
Flap (Channel 14) -2.5549x10 0.4075deg | 26412x 10" 0-+40deg 0.17 deg
X 3+5.9816x10 (102
4X2+1.9118x10°1X -
5.4749
Airspeed (chn 10) (1890.3X-3544.6)%° 1.7m/s(2.6) | 9.2667x10* 0-65m/s (0-10inc | 0.12 inc
Hzo Hzo
Engine rotational speed | 256*channel 17 + - - 100-25000 100 rpm
(chn 17 and 18) channel 18
Note: X isthe corresponding channel reading.

Pressure (inc water) = 2.40867x10°® Speed?® (m/s)
Channels 8 and 9 are spares.




7. Practice and implementation problems

7.1 Problems encountered during the development of the instrumentation
systems

We arigindly planned to use a Remtron RTS-1 Tdemetry Sysem for collecting the flight deta
The sysem was deveoped by the Computer System Engineering Department, RMIT (Howel
and Wiliams, 1994). However, 9nce we were antidpating more problems in trying to meke the
sysemworks (eg. sgnd interference with the recaiver), then we decided to deve op an onboard
DAS ingead. The onboard DAS would aso produce a better flight data reading then the

tdemetry system.

Due to memory devices problemsin the DAS, we could not have the 256 K bytes (corresponds
to a 10 minutes of data acquigtion) onboard memory origindly planned. Indead we have a 16-

seoond of flight detarecording.

Therae gyros consume alat of current. In the cdibration, dl the three gyros gave an inconastent
result. A large drift was noticed, especidly on rall gyro. Eventudly, an extra power supply was

added usng a 7.2 NiCad baitery.

We had problems in getting the acoderometers working. There wias no provison mede in the
DAS for the accderometer offset voltage, and hence the accderometer drove the amplifiersinto

saurdion.

Sensor and DAS adjusments, such as reading range and resolution, were an eaborate process
The process hed to be carried out in two different places The sensor cdlibration was conducted
a the Aerogpace Enginesring Department; and the adjusment of the sensor sendtivity in the

DASwas caried out a The Computer System Engineering Department.
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7.2 Transmitter and DAS (Data Acquisition System) interference.

We expearienced an interference problem between the tranamitter Sgnd and the DAS. During
prdiminary flight tests the tranamitter Sgnd hes momentarily lost twice The exigent of the
interference was dso naticed during the ground range tes. The trangmitter 9gnd terminated

immediately when the DAS was switched on.

Two immediate actions were taken before continuing the flight test. Fird, the whole DAS wias placed
in an endosed meta box and grounded to the battery. Second, the recaiver and antenna were
moved to the bottom of the fusdage s0 tha thar pogtions are as far away from the DAS as

possble. However, no sgnificant improvement was noticed from these two actions

The interference problem was solved after many trids and errors. There was subdantid assgance
and suggestions from John Kneen', Md Wilsorf and Mitchell Lennard®. The steps taken to reduce

the interference are described bdow. They areliged chronologicaly.
1. Endoang thewhde DASin an duminium box to prevent any radiaion fromthe DAS

2. Moving the recaeiver and antenna to the bottom of the arrarat's fusdage, asfar awvay as possble

fromthe DAS,

3. Cdllecting dl the sensor portsinto a Ingle port, and hence reducing the complexity of the sensor
wiring going into the DAS

4. Replacing dl the cables pardld to the antenna (those of rudder, devaior and engine rpm) by

shidded computer data cables. Then dl these sensors had to be recdibrated.

! Associate Professor John Kneen is a senior lecturer at the Computer System Engineering Department, RMIT. He
has built the DAS for this project, and currently supervising 2 Phd'sin flight control systems.

2Mal Wilson is atechnical staff at the Aerospace Engineering, RMIT, formerly electrical technician with RAAF.
He has flown model aircrafts for more than 15 years, and has alot of experiencein electrical and communication.

8Mitchell Lennard is an avionic design consultant with Mikley system integration.
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5. Moving dl the power supplies into the duminium box together with the DAS. This was done

ance the power supplies might rediate agnas which interfered with that of the tranamiitter.

6. Moving dl the switches (that for dataretrievd, power supplies and rate gyro) into the duminium
box. By this time, dl the cables were contained indde the box, except tha from the sensors

located around the aircraft.

7. Inddling a digitd low pess filter (D' connector) to dl the cables carying currents The

atenuation of thefilter was goproximatdy 20dB at 40 MHz.
8. Himination of dl intermittent ground loops

9. Repladng the on/off rday switch by a micraswitch to trigger the DAS. The microswitch was
operated by a servomotor through the gear channd on the radio tranamitter. The idea was to
diminate any direct cable connection between the recaiver and the DAS. Also by udng a
Separate maotor, we would have an option to use a separde tranamitter to trigger the DAS. By
this time, the ground range was condderable improved to gpproximatey 150 meter. However,

thiswas dill not yet congdered adequete for the araraft to fly safdy.

10 Changing the radio tranamitter frequency from a PCM 36 MHz to TF-FM 29.725 MHz. This
was done snce we suspected that the DAS dock (operaing a 3.6864 MHz) somehow
interferes with the tranamitter agnd a 36 Mho (/10 harmonic). Another option was to change
the internd dock of the DAS. However, this would creste problems in retrieving the data from

the DAS snce the 3.6864 divides down to give the sandard serid baud rates of 9600.

By this point, agnificant increase in the tranamitter range stidfied usto resume our flight testing.
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7.3 Problems on the aircraft model to be tested.

The firg arcraft modd to be flight-tested was the hdf scde MAFV (Fgure 7-1). A pitot-datic
and flow vanes boom was mounted on the nose of the modd. The modd was tested in the wind
tunnd. Thelift, drag and pitching moment were messured using srain gages Howeve, the result

was not stisfactory. Exoept for the lift, sgnificant scatters on the drag and pitching moment were

apparent.

Unfortunatdy, the hdf scde MAFV modd crashed on the firdt flight trid. The propdler hit the
ground on take off. After a few ssconds of flight the pilot fdt thet the canard control was too
sengtive and decided to cut off the engine However, the arcraft became nose heavy ad
crashed to the ground. To proceed with the project, we purchased and assembled a Tdemagter

Precedent T240 arcraft modd Figure 72). In goproximady 2 %2 Months the arcraft was

reedy to undergo itsfird flight testing.

Figure 7-1: The half scale MAFV Figure 7-2: The Telemaster Precedent T240

We ds0 hed a problem with engine to power the Tdemaster T240. We origindly used the RC-

80 engine. However, getting this engine to work was a difficult task. Eventudly, we decided to
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purchase another engine (Irvine-150, 22cc). This was a very good engine and proved essy to

dart.

The Telemaster T240 crashed a the 13" flight due to an undetected flat battery. The modd
uffered a mgor damage to its engine mounting & cowling, its right fusdage, low directiond vanes,
engine rpm, rudder and devaor sensors. We spent 3 weeks to rebuilt the modd and recdibrate

mogt of the sensors.
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7.4 Problems in flying the aircraft.
Thefallowing ligs some of the problems encountered in the actud flying and conducting the required
Manoeuvres,

Wesether dependent. The modd should beflown inacam air (free of turbulence), preferable

ealy inthe morning. However ance we conducted maost of the flying in the winter, we would be

fortunate to have one perfect day to fly out of one week.

Limited visud range and lack of information on the modd's flying condition.

Difficulty in getting an exact trim condition.

Inahility of the modd to perform arequired manoeuvreto produce a rich information
response,

Structurd vibration due to engine rpm degrades the angular rate readings. Figure 7-1 shows a

contaminated rall rate reeding during a flight manoeuvre with engine on. Figure 7-2 showstherall

rate reyponse with engineidle

degl/s

10 15 20

0 5
seconds

Figure 7-1: Roll ratereading buried in engine noise during a flight manoeuvre
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Figure 7-2: Roll ratereading with engineidle
The presence of ar turbulence during the tes manoeuvre. FHigure 7-3 and Fgure 7-4 show the

difference in the recorded angle of atack in aturbulence and cam ar.
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Figure 7-3: Angle of attack reading buried in turbulence during an elevator doublet

manoeuvr e.
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Figure 7-4. Angle of attack responsein areasonable calm air

Coupled longitudind and laterd mations during the tes.
Veay shart dynamic response of the modd due to ahigh inherent gability of the modd.
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8. Identification from simulated data.

A smulated data has been generated using equations (3-24) and (3-27) to study the effectiveness of
the various parameter identification techniques. We divided the work into separate longitudind and
laterd derivatives identification. In order to resemble the actud flight manoeuvre, the contral inputs
usd for the smulaion are taken from the red flight test data The resulted responses were then
andysad usng severd parameter identification techniques

The work was a0 extended to Sudy the effect of measurement noise and different input forms to

the estimated parameters.

8.1 Longitudinal identification
The arcraft was excited by an devator doublet as shown in Figure 8-1. The response of the modd

lasted about 6 seconds.

SSSSS ds

Figure 8-1: Elevator deflection

The results of the longitudind identification usng various identification techniques are summarised in
Table 8-1 Also shown in the table are the characteridtics of the Short Period Osaillation mode. Note

that the ICM does not give ameasure of uncertainty for each esimated parameter.

The LR, MLM and ICM have successully identified the Sx longituding derivatives and the SPO
characteridics of the modd. The frequency of the SPO waas even esimated quite accuratdy. In the

andyss theresultsfrom the LR are usad as a-priori vauesfor the MLM and ICM. Among the three
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techniques, the MLM produces the best estimate of the derivatives Table 8-2 shows thet the MLM

produces the smdlest error criterion.
Algorithms

LR MLM ICM
Derivatives True Estimated Standard Estimated Cramer Estimated
- parameter deviation | parameter | Rao Bound | parameter
Cz, -4.399 | -3549 | 0.004 | -4.371 | 0.084 | -1.840
Cz, -5.851 9.097 | 0.068 |-17.750| 1.274 | -0.010
CZaevator -0.364 0.446 0.002 | -1.146 | 0.009 | -0.400
Cmy -1.178 | -1.317 | 0.023 | -1.311 | 0.017 | -1.324
Cm, -11.03 | -1.680 | 0.354 | -11.090| 0.162 | -16.400
CMyevator -0.941 | -0.803 | 0.010 | -0.946 | 0.010 | -0.884

W hspo (rad./s) 6.83 6.71 6.85 6.95

Xsro 051 | 023 0.51 0.52

Table 8-1: Results from various estimation algorithms

IR __MLM__ICM

mean (a) 0.0066 | 0.0026 | 0.0039
dandard deviation (a) | 0.2924 | 0.0154 | 0.0179
mean (q) 0.0148 | 0.1226 | 0.3013
standard deviation (@) | 1.8822 | 0.7197 | 1.1549

Table 8-2: Mean and standard deviation of thefitted error
response for the variousidentification algorithms

Since the acod eraion messurements were not avallable, when performing LS dgarithm the a and q
records were differentiated to produce Cz and Cm respectivedly. This explains the reason why
sgnificant errors are observed from the LS result. The differentiation of a and g have introduced
ggnificant noise The LR esimated Cz, , Cmy, and Cmy, quite well. However Cz;, CZejevator 8d Crmy,
were poorly esimated. The resulting fitsto a and g ae shown in Hgure 8-2 and Hgure 8-3
respectivdy. The estimated responses show a sgnificant eror ater the devaor input was removed
(after 3 saconds). The damping was underesimated (50% down), but the frequency was dosdy

edimated (1.5% down).



The MLM dgarithm on the other hand, estimated mogt of the longitudind derivatives satisfactorily,
except for the Cz,. The large Cramer Reo vaue for the Cz, indicates thet this derivetive is weskly
identified. The a (Fgure 8-4) and pitch rate (Figure 8-5) show a good fit between the actud and

edimated responses. The SPO characteridics were aso wdl identified.

The ICM dgarithm edimated Cm, , Cmyevaor ad SPO characteridics quite wel. Those
parameterswhich do nat changethea and q responses ggnificantly such as Cz,, Czg and Cmq are

poorly esimated. Hgure 8-6 and Figure 8- 7 show the reault of thefit.

Figure 8-2: Angle of attack response using regression analysis. (--- = estimated))
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Figure 8-3: Pitch rateresponse using regression analysis. (--- = estimated)
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Figure 8-6. Angle of attack response using ICM analysis. (--- = estimated)
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degls

sssssss

Figure 8-7: Pitch rateresponse using ICM analysis. (--- = estimated)

8.2 Lateral identification
The arcraft was excited by a rudder doublet (Figure 8-1) followed immediady by an aleron pulse

(Fgure 8-2). The responses of the modd lasted about 8 seconds.

Figure 8-1: Rudder deflection

The reauts of the identification usng various identification techniques are summarisad in Table 8-3.

Also shown in the table are the characteridtics of the Dutch and spird modes.

The LR, MLM and ICM have successully identified the fifteen laterd derivatives, Dutch and Spird
mode characterigtics of the modd. In the andys's, the results from the LR are used as a-priori vaues

for the MLM and ICM. Among the three techniques, the MLM produces the best esimate of the
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Oerivaives. Table 8-4 shows that the MLM produces the amdlest aror criterion. 1dedly, the
edimated parameters from LR should give exactly amilar vaues as the true parameters However,

the differentiation process of angular rate in the mulation has introduced errorsin the LR esimation.

Algorithms

LR MLM ICM
Derivatives True Estimate | Standard | Estimate Cramer | Estimate
parameter d deviation d Rao d
paramete paramete Bound | paramete
r r r

Cyp -0.354 -0.347 0.0007 -0.349 0.0080 -0.347
Cy, -0.043 -0.606 0.0069 -0.126 0.0529 -0.606
Cy, 0.153 -0.442 0.0059 0.27 0.0902 -0.442
Cyq4 0.089 -0.172 0.0015 0.343 0.0013 -0.172
Cya 0 0.034 0.0025 0.041 0.0049 0.034
Cly -0.043 -0.038 0.0009 -0.045 0.0012 -0.038
Cl, -0.733 -0.646 0.0091 -0.751 0.0017 -0.648
Cl, 0.221 0.257 0.0077 0.291 0.0131 0.256
Clg -0.001 0.001 0.0015 -0.006 0.0007 0.001
Clg 0.321 0.302 0.0033 0.330 0.0027 0.281
Cny 0.002 0.002 0.0004 0.003 0.0001 0.002
Cn, -0.084 -0.095 0.0036 -0.065 0.0019 -0.096
Cn, -0.096 -0.073 0.0031 -0.095 0.0014 -0.073
Cny -0.045 -0.044 0.0006 -0.044 0.0002 -0.045
Cng 0 0.006 0.0013 -0.008 0.0008 0.006

WNpyieh (rad./s) 1.38 142 1.38 1.43

XDutch 0.75 0.66 0.75 0.65

T spiral (SEC) 0.52 0.60 0.51 0.61

Table 8-3: Resultsusing various estimation algorithms

LR VIRY, ICM |
mean (b) 0.0040 0.0005 0.2445
standard deviation (b) 0.6698 0.0088 04815
mean (p) 01755 | 0.0612 -0.1115
standard deviation (p) 1.2178 16374 1.0633
mean (r) 0.0134 -0.0195 -0.0434
standard deviation (r) 10177 0.4275 0.7946

Table 8-4: Mean and standard deviation of thefitted error
response for the variousidentification algorithms

From the Imulation, the sensitivity of eech derivaive to the flight reponses can be dudied. Table 8-
5 presants the result from the sengtivity Sudy. Thistable is very ussful in assding which parameters
to be hdd fixed during the MLM estimation.
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Degr ee of sensitivity

Derivatives High Moderate Low
Cz, +
Cz4 +
Czddevator +
Cmj, +
Cmy +
Cmdelevator +
Cyp +
OYp +
Cy, +
Cydaileron +
CY dudder + (needs high
freq input)
Cyb +
Cl, +
Cl, +
Cldaileron +
Clgudder +
Cny +
Cn, +
Cn, +
Cr]daileron +
CNgrudder +
Table 8-5: Sengitivity of each derivative to the flight
responses
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Figure 8-3: Rall rate response using regression analyss. (--- = estimated)
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Figure 8-5: Sidedip responseusing MLM analysis. (--- = estimated)
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Figure 8-6: Roll rate responseusing MLM analysis. (--- = estimated)
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Figure8-7: Yaw rateresponse usng MLM analysis. (--- = estimated)
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8.3 The effect of measurement noise

Measurement noises were added to dl the flight records Then, the MLM was used to esiméate the

longitudingl and laterd derivaives from the noisy records. We assume a white-Gaussan noise with

zero mean and sandard deviaions as shown in Table 8-6 bdow. Note that these vaAues were taken

asthe scatter of the sensor cdibrations.

Standard deviation

Maximum signal to noiseratio

Angle of attack 0.7 deg 4
Sdedip angle 0.7 deg 20
Pitch rate 1.2 deg/s 17
Roll rate 1.2 deg/s 69
Yaw rate 1.2 deg/s 15
Elevator deflection 0.2 deg 12
Aileron deflection 0.2 deg 84
Rudder deflection 0.3 deg 45

Table 8-6: Measurement noiselevel used in the smulation

Thereaults of the MLM dgorithm are shown bdow:

Derivatives

True

Airport

No noise

Estimated

Cramer

With noise

Estimated

Cramer

Rao Rao

Cz, -4.399 -6 -4.371 0.1373 -4.126 0.858

Cz, -5.851 0 -17.75 2.080 -9.401 25.11

CZuevator -0.364 0 -1.146 0.015 -1.399 0.909

Cm, -1.178 -1 -1.311 0.027 -0.966 0.112

Cm, -11.03 -10 -11.09 0.265 -19.60 2.382

CMugevator -0.941 -1 -0.946 0.015 -1.113 0.054
W Ny (rad./s) 6.83 6.85 6.90
Xsro 0.51 0.51 0.72

Table 8-7: Estimated Longitudinal DerivativesUsing MLM algorithm for caseswith and
without measurement noise



No noise With noise

Derivatives True Airport Estimated Cramer Rao Estimated Cramer Rao
values

parameter Bound parameter Bound

Cyp -0.34 -0.347 -0.349 0.0080 -0.456 0.0705

Sy, -0.043 -0.606 -0.126 0.0529 -1.853 1.2260

Cy, 0.153 -0.442 0.27 0.0902 -0.220 0.4504

Cyy 0.089 -0.172 0.343 0.0013 0.320 0.1346

Ve 0 0.034 0.041 0.0049 0.688 0.4511

Cly, -0.043 -0.038 -0.045 0.0012 -0.059 0.0026

c, -0.733 -0.646 -0.751 0.0017 -1.012 0.0352

Cl, 0.221 0.257 0.291 0.0131 0.227 0.0204

Cly -0.001 0.001 -0.006 0.0007 -0.010 0.0041

Cls 0.321 0.302 0.330 0.0027 0.422 0.0132

Cn, 0.002 0.002 0.003 0.0001 0 0.0006

Cn, -0.084 -0.095 -0.065 0.0019 -0.099 0.0101

Cn, -0.096 -0.073 -0.095 0.0014 -0.101 0.0033

Cng -0.045 -0.044 -0.044 0.0002 -0.045 0.0011

Cng, 0 0.006 -0.008 0.0008 0.004 0.0039
WNpyeh (rad./s) 1.38 1.38 137
Xoutch 0.75 0.75 0.76
Tepira (SEC) 052 051 0.34

Table 8-8: Estimated L ateral DerivativesUsing MLM algorithm for caseswith and without
measur ement noise

degrees

__________

seconds

Figure 8-1: The effect of noise on the angle of attack response (solid line = trueresponse,
---- = N0 N0Ise, -.-. = Wwith noise)
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01

0.2
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Figure 8-2: Theeffect of noise on pitch rateresponse (solid line=trueresponse, ----=
no noise, -.-. = with noise)



The presence of messurement noise increasss the uncertainty in the estimated parameters. This
increesad uncertainty s reflected in the increase of CRB vdues for both longitudind and laterd
derivaives However, no dgnificant change was noticed in the predicted responses, as shown in
Figure 81 and Figure 82. The mog afected parameters in the presence of noise are pitch rae
derivatives (Cz, and Cz, in longitudind mode, and Sdeforce derivatives (Cy,, Cyp, Cyr, Cys ad

Cyw) inlaterd mode.

8.4 The effect of different input forms.

The effect of different input forms (Fgure 8-1) to the estimated longitudind dynamics was sudied.
The LS and MLM dgorithm were then usad to extract the derivatives Table 8-9 and Table 8-10

show the reaulits from the LS and MLM esimation respectively.

pulse 3211 practical

10 20 a0 4 80

Figure 8-1: Thethreedifferent input formsused in the smulation

The resuits from the amulation suggested that there seams to be no Sgnificant different in the
edimated parameters under this flight condition. However, the CRB vdues obtained from practicd

input form were generdly higher and hence more uncartainty in the results
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Input forms

Pulse 3211 Practical
Derivatives Estimated Standard Estimated Standard Estimated Standard
parameter deviation | parameter | deviation | parameter deviation
Cz, -4.399 -3573 0.002 -3572 0.003 -3.549 0.004
Cz, -5.851 10.09 0.056 10.04 0.068 9.097 0.068
CZyevator -0.364 0457 0.002 0454 0.003 0.446 0.002
Cm, -1.178 -1.192 0.011 -1.193 0.014 -1.317 0.023
Cm, -11.03 -6.830 0.290 -6.597 0.353 -1.680 0.3%4
CMyevator -0.941 -0.856 0.011 -0.844 0.014 -0.803 0.010
Whspo (rad./s) 6.83 6.77 6.75 6.71
XsPo 051 0.36 0.36 0.23

Table 8-9: The effect of different input formsto the estimated longitudinal parameters

using linear regression algorithm

Input forms
3211

Pulse Practical

Derivatives Estimated Cramer Estimated Cramer Estimated Cramer
parameter | Rao Bound | parameter | Rao Bound | parameter | Rao Bound
Cz, -4.399 -4.782 0.056 -4.654 0.056 -4.371 0.137
Cz, -5.851 -19.820 1.08 -20.39 0.934 -17.750 2.08

CZyevator -0.364 -1.177 0.008 -1.177 0.008 -1.146 0.015

Cm, -1.178 -1.330 0.014 -1.339 0.013 -1.311 0.027

Cm, -11.03 -10.290 0.108 -10.54 0.107 -11.090 0.265

CMyevator -0.941 -0.980 0.009 -0.980 0.008 -0.946 0.016
Whspo (rad./s) 6.83 6.87 6.85 6.85
Xspo 051 051 051 051

Table 8-10: The effect of different input formsto the estimated longitudinal parameters

using maximum likelihood algorithm




9. Flight Test Results

9.1 Flight data

The flight test was conducted a the Weribee flying fidd, Mdbourne. Four flight sets of data were

gathered. The complete recorded flight data are given in gppendix 7.

Table 9-1ligs the description of theflights.

Flight number Description Length of data Filename
1 Aileron manoeuvre 16.00 seconds flight 1
2 Elevator manoeuvre 16.00 seconds flight 2
3 Elevator and aileron + rudder manoeuvre | 12.64 seconds flight 3
4 Elevator and alleron + rudder manoeuvre | 12.76 seconds flight 4

Table 9-1: Flight description

From the above four flights, four 'sections of manoeuvre data were andysed successfully. The

manoeuvres are described in Table 9-2 All the filenames for these manoeuvres are saved in the

accompanying disc in subdirectory c./data

M anoeuvr e no. Taken from Description Length of data Filename
flight no. analysed

1 3 Elevator 4 seconds mano_l1.mat
manoeuvre

2 3 Elevator 8 seconds mano_2.mat
manoeuvre

3 4 Rudder and 6.04 seconds mano_3.mat
alleron manoeuvre

4 4 Rudder 1.4 seconds mano_4.mat
manoeuvre

Table 9-2: Manoeuvre description



Datafrom flight number 1 and 2 could not be andysed. This was due to the presence of a ggnificant
vibration noise in the angular rate measurements, and turbulence noise in the angle of atack and

Sdedip. Seerecords of flight 1 and 2 in gppendix 7.

The rdevant flight test conditions and flight configurations are summearisad in the Table 9-3, and dl

the collected flight deta are presented in gppendix 7.

M anoeuvr e number
Flight parameters

Airspeed (m/s) 15 15 15 15
Approximate reference dtitude (m) 30 30 30 30
Hap setting (deg) 5 7 5 7
Trim angle of attack (deg) 5 5 5 5
Elevaor trim angle (deg) 4.8 5.96 4.8 5.96
Centre of gravity (cm from wing | 47.5 475 475 475
leading edge)

Mass (Kg) 11 11 11 11
Ixx (Kgn) 1.15 1.15 1.15 1.15
lyy (Kgnv) 1.3 1.3 1.3 1.3
|2z (Kgn) 1.28 1.28 1.28 1.28

Table 9-3: Flight test conditionsfor every manoeuvre

9.2 Data pre-processing
Before procesding with the estimetion of dability & contral derivaives the following deta pre-
processing was carried out:

Converting raw detainto enginering units using the sensor cdibration in gopendix-4.

Checking for outliers and missng deta, and correcting them as gppropriate. The correction of
data was carried out manualy usng a text editor for ASCIl. Wheress the plotting of dl data
were carried out usng Matlab.

Cropping the flight data according to the length of detato be andysed.

Filtering the flight data by alow pessfilter. Note thet dl data records should be filtered with the
same filter to avaid any time shifts in data records, which would degrade the parameter
identification process A program cdled filtcoba.m has been prepared to peform this
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operation. However, in andysng flight record 3 and 4, no software filtering were necessary ance
the MLM edimation produced a good convergence even without filtering.
Smoothing any sdected flight datarecord (use a program cdled smooth.m).
Correcting incidence angles (a and b) for rates effect (see gppendix-2).
Removing the non-zero seedy Sate vaues from each record.
9.3 Stability and control derivative estimation
The lineer regresson andyss hes faled to give stidactory results snce no accderation
measurements were avaladle Esimating these messurements by differentiating angle of atack and
pitch rate did nat hep. The noise in the data was actudly attenuated by the differentiation process.

Hence we procsed with the maximum likdihood method (MLM) for andysing of dl the flight test

data.

For the MLM andyss, the apriori vaues for eech parameter are obtained ather from theoretica

method (cdculated from AAA software) or earlier flight dataandlyss

9.3.1 Longitudinal stability and control derivatives estimation
The esimated longituding sahility and control derivatives are given in Table 9-4 and Table 9-5, and

the matchings of flight data are presented in Hgure 9-1 and Fgure 9-2.

Analysis1-1 | Analysis 1-2 |
Derivatives A-priori Estimated Cramer Rao A-priori Estimated Cramer Rao
Cz, -4 fixed - -4 fixed -
Cz, -5.9 fixed - 5.9 fixed -
Cm, -1 -1.283 0.1198 -1.427 -1.33 0.1365
Cm, -10 -7.742 1894 -0.668 -0.682 2.168
Clyovator 0 1334 0.2203 1525 1427 02123
CMyevator -1 0.805 0.0912 0.966 0.830 0.1025
Whspo (rad./s) 6.80 6.64
XspO 043 049

Table 9-4: Estimated longitudinal parameter from recorded data (manoeuvre 1) with two

different setsof a-priori values
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Table 9-4 shows the estimetion results from manoeuvre 1 data usng two different sgts of apriori
vaues. In the fird st (andyds 1-1), we used the apriori based on the theoretica work (AAA
software). However, the firg attempt to edimate dl the 9x longituding derivatives Smultaneoudy has
faled. The maximum Likdihood Method (MLM) did not converge into solutions From the
smulaion study (chapter 8), we found that the Cz, was weekly identified, and hence should be kept
fixed during the identification process. In the second attempt, we fix both Cz, and Cz,, to these &
priori vdues The vdue of Cz, was ds0 avalable with quite a rdiable accuracy. The MLM then
converged to solutions in 20 iteraions. Further iteration did not change the vaues of the estimated
Jerivaives The maximum gradient of 0.0 was achieved with the minimum logaithmic vaue of -

398.33.

In the second st (andyds 1-2), we usad apriori vaues which were obtained from estimaing the
derivatives one & a time We fird estimate Cm, by fixing dl other dervatives condant. Then the
egimated Cm, was used as a-priori for the next estimation, and triesto estimate Cmy, while fixing the
other derivatives condant. The process was repegted until dl the derivaives were esimated. It
should be noted here thet this gpproach is very much dependant on the accuracy of those parameters
held fixed. It is however one dternative way to get the MLM converge into a solution. Looking at
the two sats of result in Table 9-4, the andlyss 1-1 produced a smdler CRB (Cramer Rao Bound)
for each parameter then those in andlyss 1-2. Hence we can place more confidence in the andlyss
1-1 reaults than those of andyss 1-2. However, the two sets produced dmog smilar a and q

responses asshown in Hgure 9- 1.

Table 9-5 shows the esimation results from the manoeuvre 2. The same process as in manoeuvre 1
was performed to arive to the shown results. Figure 9-2 shows the estimated responses. Thefit was
reasonable good, except for the pitch rate matching. The poor pitch rate matching might be causd

by an unintentiond aleron input during this manoeuvre as shown in Hgure 9-2.
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Manoeuvre 2-1 Manoeuvre 2-2
Derivativ&s A-priori Estimated Cramer Rao A-priori Estimated Cramer Rao
par ameter Bound parameter Bound
Cz, -4 fixed -4.32 fixed
Cz, -59 fixed - -22 fixed -
Cm, -1 -0.933 0.1778 -1.427 -0.840 0.1365
Cmy, -10 -14.18 4.664 -9.668 fixed -
CZyevator 0 2.261 0.3708 1525 2.897 0.3405
CMyevator -1 1148 0.246 0.966 0971 0.1123
Whspo (rad./s) 214 5.63
XspO 0.56 0.57

Table 9-5: Egtimated longitudinal parameter from recorded data (manoeuvr e 2) with two

different setsof a-priori values

Matching flight data

= flight data
= estimated (manoeuvre 2-1)
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Figure 9-1: Estimated longitudinal responses and their residuals from manoeuvre 1 records

= flight data
““““ = estimated (manoeuvre 2-1)
-------------- = estimated (manoeuvre 2-2)
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Figure 9-2: Estimated longitudinal responses and their residuals from manoeuvre 2 records

m Standard deviation

Angle of attack (deg) Manoeuvrel | -0.0265 1.888
Manoeuvre2 | 0.6210 2.549
Pitch rate (deg/s) Manoeuvrel | 6.3934 11.80
Manoeuvre2 | 6.9690 14.64

Table 9-6: Residual characteristics of the estimated longitudinal

responses



9.3.2 Lateral stability and control derivative
The edimated laterd Sability and control derivatives are given in Table 9-7 and Table 9-8, and the

metchings of flight dataare presented in Figure 9-1 and Figure 9-2.

Analysis 3-1 Analysis 3-2
Derivatives A-priori Estimated Cramer Rao A-priori Estimated Cramer Rao
par ameter Bound parameter Bound
Cys -0.519 fixed - -4.184 3.149 2427
Sy -11.29 fixed - -11.29 -25.78 91

Cy, -1.609 fixed - -1.609 2.7% 2957
Cly 0.171 fixed - -0.0846 -0.115 0.0317
c, -0.733 -1.981 0.1478 0.135 0.120 0.0123
cl, 0.221 fixed - -0.126 -0.012 0.0463
Cny 0.131 0.125 0.0025 -4.933 -2.895 0.4088
Cn, -0.072 fixed - 0.109 0.024 0.0200
Cn, -0.108 fixed - -0.103 -0.103 0.0432
Y titeron 3012 fixed - -0.023 0.037 0.0288
Y qudder 0.107 fixed - -0.337 -0.305 0.0958
Clsiteron -0.656 -0.272 0.1247 0.062 -0.120 0.0187
Clgudder -0.114 fixed - 4.832 2.788 0.9158
Cngiteron 0121 fixed - 0.1323 0.166 0.0177
Cngudder -0.045 0.090 0.0024 0.065 0.099 0.0049

Wouieh (rad/s) 448 441

Xoutch 0.18 0.29

Tepira (SEC) 0.19 042

Table 9-7: Estimated lateral parameter from recorded manoeuvr e 3 with two different sets
of a-priori values

Analysis4-1 Analysis4-2

Derivatives A-priori Estimated Cramer Rao A-priori Estimated Cramer Rao
par ameter Bound parameter Bound
Cyh 6.071 9.79 2.75 6.071 19.07 3.787
S -34.36 -43.42 8.15 -34.36 -79.68 15.82
Cv; 4567 -2.289 1152 4.567 52.63 24.09
Cy 0.355 fixed - 0.355 fixed -
d, -0.945 fixed - -0.945 fixed -
c, -0.221 0.034 0.176 -0.221 fixed -
Cny, -0.165 fixed - -0.165 fixed -
Cn, 1236 0.886 0.0745 1.236 1.088 0.0930
Cn, -1.183 -1.086 0.1989 -1.183 -1.894 0177
q/daileron 0 fixed - 0 fixed -
Y qudder -2.555 -4.196 1694 -2.555 -8.123 1.745
Clgiteron 0 fixed - 0 fixed -
Cludder -0.038 fixed - -0.038 0.033 0.033
CNaileron 0 fixed - 0 fixed -
CNyudder -0.380 0.256 0.0395 -0.380 fixed -
Wouieh (rad/s) 9.20 9.21
XDutch 0.24 0.22
Tepira (SEC) 0.05 004

Table 9-8: Estimated lateral parameter from recorded manoeuvr e 4 with two different sets
of a-priori values
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A dmilar procedure as thet for the longituding estimation was used. Snce more parameters were to
be esimated in laterd case, the estimation process was dightly more difficult. It involved trying to fix

any weskly derivatives and to find agood garting vaue for the dominant derivatives

Results from andlyss 3-2 was better than the other 3 latlerd andyss. Andyds 3-2 produced a
better-etimated parameters with samaler CRB, and a better meatching of flight datar Andyss 3-2
edimated dl the 15 laierd derivatives with a reesonable degree of confidence The only exceptions
are for the Sdeforce derivetives (Cyb, Cyp , Cyr) ad Clyudger- The Smulation result hed predicted
these derivatives would be hard to estimate. No Sdeforce information can be accurately extracted
from alow frequency exdtaion (Coleman, 1981). A high frequency input with laterd acoderation

readings are required to edimate these derivatives

Two different manoeuvres were conducted for the laterd identification. Manoeuvre 3 hed a
combined aleron and rudder inputs. Wheress manoeuvre 4 hed only rudder input. Estimeted
parameters from the rudder input only had asgnificant larger CRB. Thiswas because thet the rudder
only produced aless rich information content. The data andysed in manoeuvre 4 was d<o shorter
(only 1.84 ). The vdues of resdud characteridics in Table 9-9 dso support this algument. The

mean and Sandard deviation in manoeuvre 3 was genardly less that those in manoeuvre 4.

Ancther point to notice was that the rall derivatives could not be extracted from a rudder only
manoeuvre (as seen from Table 9-8). This suggedts that little rall information was contained in the
data Datafrom an aleron only manoeuvre would certainly be used to extract the rall roll derivatives.
Hight 1 was desgned to extract the roll derivaives But Snce the data was covered by engine

vibration noise, the data could not be usad.



A reasonably good matching for manoeuvre 3 and 4 were obtained and are shown in Figure 9-1 and

Hgure9-2.

Matching flight data
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Figure9-1: Estimated lateral responses and their residuals from manoeuvre 3 records
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Figure 9-2: Estimated lateral responses and their residuals from manoeuvr e 4 records

M ean Standard deviation

Sdedip (deg) Manoeuvre3 | 0.423 2.250
Manoeuvre4 | -0.061 2.952
Roll rate (deg/s) Manoeuvre3 | 0.607 28.50
Manoeuvre4 | -10.147 23.314
Yaw rate (deg/s) | Manoeuvre3 | 0.791 8.880
Manoeuvre4 | -5.428 14.398
Table 9-9: Residual characteristics of the estimated lateral
responses
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10. Discussion

10.1 Estimated aircraft dynamics

The project has esimated 6 longitudind and 15 laterd derivatives from 4 flight manoeuvres daa
Only records of contral inputs and vehides regponses were usd in the andyds The results are

summaisadin Table 10-1and Table 10-2

Cmy, CMelevator, Cb, Cnt, Claaileron 80 Cyudeer are strongly identified, wheress Cz,, Czyq, Cyb,
Cyp, and Cy; are weekly identified. The rest are moderatdy identified.

AAA \ Analysis 1-1 Analysis 1-2 \ Analysis 2-1 Analysis 2-2
Cz, -4.399 - - - -
Cz, -5.851 - - - -
Cm, -1.178 | -1.283(0.1198) | -1.33(0.1365) | -0.933(0.1778) | -0.840(0.135)
Cm, -11.03 | -7.742(1.894) | -9.682(2.168) | -14.18(4.664) -
CZyevator -0.364 | 1.334(0.2203) | 1.427(0.2123) | 2.261(0.3708) | 2.897(0.3405)
CMyevaior -0.941 | 0.805(0.0912) | 0.830(0.1025) 1.148(0.246) 0.971(0.1123)
W spo 6.83 6.80 6.64 214 5.63
Xspo 051 0.43 0.49 0.56 0.57

Table 10-1: Estimated longitudinal derivatives of the Telemaster T240

JAVAVAY Analysis 3-1 Analysis 3-2 Analysis 4-1 Analysis 4-2
Cyp -0.354 | -0.519(fixed) 3.149(2.427) 9.79(2.75) 19.07(3.787)
Cyp -0.043 | -11.29(fixed) -25.78(9.1) -43.42(8.15) -79.68(15.82)
Cy; 0.153 -1.609(fixed) 2.794(2.957) -2.289(11.52) 52.68(24.09)
Cly, 0.089 0.171(fixed) -0.115(0.0317) 0.355(fixed) 0.355(fixed)
Cl, 0 -1.981(0.1478) | 0.120(0.0123) -0.945(fixed) -0.945(fixed)
Cl, -0.043 0.121(fixed) -0.012(0.0463) | 0.034(0.176) -0.221(fixed)
Cn, -0.733 | 0.125(0.0025) | -2.895(0.4088) | -0.165(fixed) -0.165(fixed)
Cn, 0.221 -0.072(fixed) 0.024(0.020) 0.886(0.0745) | 1.088(0.0930)
Cn -0.001 | -0.108(fixed) | -0.103(0.0432) | -1.086(0.1989) | -1.894(0.177)
CYasileron 0.321 3.012(fixed) 0.037(0.0288) - -
Caudder 0.002 0.107(fixed) -0.305(0.0958) | -4.196(1.694) | -8.123(1.745)
Clugileron -0.084 | -0.272(0.1247) | -0.120(0.0187) - -
Clyudder -0.096 | -0.114(fixed) 2.788(0.9158) -0.038(fixed) 0.033(0.033)
Chileron -0.045 0.121(fixed) 0.166(0.0177) - -
Chyudder 0 0.090(0.0024) | 0.099(0.0049) | 0.256(0.0395) -0.380(fixed)
W spo 1.38 4.58 4.41 9.20 9.21
Xspo 0.75 0.18 0.24 0.24 0.22
T epiral 0.52 0.29 0.42 0.05 0.04

Table 10-2; Estimated lateral derivatives of the Telemaster T240
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The edimated vaues were not dwaysin agood agresment with those predicted by AAA. The AAA
Software is normdly usad for esimating derivatives of a conventiond arcraft with minimum mass of
50 Kg, nat for a smdl RPV type arcat. Here, no direct comparison could actudly be mede.
However, mogt of the flight test results were in the same order of the AAA. In addition, the AAA

predictions have assgted in darting the MLM dgorithm.

Oneinteresting point to comment is on the values of CZyeievator, 8d CMyglevator. The AAA predicted
the wrong dgn of derivaives Snce it assumed a conventiond horizontd tall. In fact, the T240s
talplane is a fla top aercfail which generates lift when the devaor is deflected upward, hence a
pogtive vaues of CZgevaror @ CMigevator - A pitch up manoewvre is achieved by a pogtive

(downward) devetor deflection.

The SPO (Short Period Oscillaion) mode characteridtics were estimated reasonably well. However,
the laterd modes showed allittle incongstency. The rudder manoeuvre estimated higher Dutch mode
frequency (100% higher) than the combined rudder and aileron manoeuvre. This might be dueto the
difference in the pulse width of the rudder input. As the Dutch mode is a combinetion of yawing and
ralling oscillations, then the combined rudder and aleron inputs should exdite the Dutch mode better,
thus resuiiting in better esimation then the rudder input done. The Dutch damping on the other hand

was quite conggtent throughout different estimation process.

The scatter in the obtained longitudingl derivatives was quite low and hence a reasonable confidence
in the resllts The scater on the laterd derivaives on the other hand, varied sgnificantly. Those
Oerivatives with high CRB vaues show high scatter in the results. Dominant derivaives such as Cny,,

Cnp, Cnt, Clagileron @d Crnyruader have low CRB vaues and hence better estimated.

The matching between the prediction and the flight deta was generdly good. Even in the presence of

sgnificant engine vibration noise in the angular rate messurements, the MLM agorithm predicted the
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response quite wel. When a good match could not be achieved then one of the following reasons
might be caugng the problem; moddling erors uncorrected bias erors or a smdl exdtation in the

mode of interest.

10.2 Flight data processing

Four recorded manoeuvres (a totd of 26 ssconds of data) have been processed and andysed to
obtain the gability and contral derivaives of the Tdemeder T240. The software written in Matlab

has undoubtedly easad and proved invauadle in the processng of the flight data

Preprocessing (indude converting, filtering, smoothing, cropping, removing outliers, eic) was a

lengthy process Yet it was crudd in the sucoess of the whole identification process

Some outliers were present in the recorded data. No dropouts of data were gpparent. Filtering the
angular rate measurements with software has no congderable effect on the edimated deriveives

Hence we dlowed dl the recorded measurements unfiltered when parforming the MLM dgorithm.

The MLM was the main dgorithm usad in esimating the sability and control derivatives of the T240.
The LS hasfailed to give a good match 9nce no accd erdtion messurements were avaladle. For the
longitudind LS, we need angle of atack rate and pitch accderaion messurements. For the laterd

LS we need 9dedip rae, roll and yaw accd eration meassurements

In cases when the MLM could not identify some wesk derivatives, such as Cz, and Cz, the ICM
method was used as afine-tuning to esimate these week deriveives

The GUI (grgphica user interface) fadlity in Matlab has hdped to speed up the MLM esimation
process. For example, the apriori vaues and the parameter to estimate can be eesly changed

through the dick of the mouse
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Some typicd problems encountered during the MLM esimation was that the dgorithm sometimes
did not converge stidactarily. A minimum logaithmic vaue could not be achieved. There man
reasons contributed for this unsatisfactory convergence wrong a priory, wrong paranger to

edimate, or wrong mathematica modd.

Snce the accderometers were not working, no linear accderation readings were avalable. Had
these readings were avalable, we would have been able to perform some corrections to the angle of

atteck and sidedip (data.compatibility checking).
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10.3 Flight test manoeuvre.

Mogt manoeuvres conducted in this project were of pulse or doublet type inputs. These inputs were
reasonably essy to pearform. Y et the recorded responses contained a sufficient information to enable

the MLM dgorithm to extract some dominant derivaives

Onemgor paint to condder isaneed to compromise between alarge magnitude of input and asmal
magnitude of regponses. On one hand, we need a large input to exate the response. On the other
hand, the resulted regponses should reman within a linear region.  So that the vdidity of the
uncoupled linear modd can be presarved. This proved to be not an easy task for the pilot. Bath
manoeuvre 3 and 4 produced quite large Sdedip responses. Hence the vdidity of the linear modd

usad was under question.

Ancther sgnificant problem was the present of engine vibration noise in the angular rate readings
When the manoeuvre was conducted a a throttle setting, the rate readings were buried in noise
Sgnificant improvements in rate readings were achieved by conducting the manoeuvre with engine
ide

Smilaly, a poor qudity of flow directiond readings @ and b) were found in the presance of ar

turbulence. Hying the arcdt very ealy in the moming hes a better chance of having no ar

turbulence during the manoeuvres

Despite dl the problems in conducting the required manoeuvres (summarised in chapter 7.4), the
response with the pulse and doublet input produced a reasonably good meatching. This indicated thet
the required manoeuvre for the identification of gability and contral derivatives esimation was not

vary drict. Practicdly any input that adequietdly exdtes the mode of interest is acoeptable.
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In short, it is recommended that the dynamic manoeuvre for edimating the sability and control
derivatives of a modd araraft should be paformed a engine ide, a cdm ar (preferadle in the
morning), in the form of pulse or doublet inputs. Altemnaivdy, if the thrust modd of the engine is
avalable a avery good accuracy, then the test can be conducted at any engine setting (Muhammed,

1995).

10.4 Instrumentation and data acquisition systems

An important objective of the project has been to develop and demondrate the indrumentation
sysems neaded for the dynamic tesing of amodd araraft. The obtained flight result has shown that

the whole sysem can be used to obtain areasonably good qudlity of flight deta

All the measurements were recorded ontboard the arcraft. Hence no sgnificant sgnd noises were
present. Thiswould certainly not the case, had we usad the tdemetry system. Coleman (1981) found

aggnificant noisein hisflight data obtained from the tdemetry system.

The only sgnificant noises contaminating the recorded flight deta were from the engine vibration and
ar turbulence. A soft damper wrapped around the IMU unit would certainly reduce the vibration

noise. The turbulence noise can only be reduced by flying theararatinacamar.

Other mgor problem with the sysem was that of trangmitter 9gnd interference (as destribed in
chapter 7). We spent months trying to reduce this interference. In the end, changing the tranamitter

frequency from 36 MHz to 29.725 MHz solved the problem.

The sampling rate (25 Hz), resolutions and accuracy of the sensors were adequite for dynamic flight
testing. However, for a better result, aresolution of 12 bit could be usad in which case the resolution

would beincreased by 16 times
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A gxteen seconds of data acquigtion has proved to be aufficdent for recording two different
manoeuvres A memory devicds with 256 Kbytes (correspond to 30x16 seconds of daa
acquidtion) would record 60 different manoeuvres in one flight. This would cartainly make the

dynamic flight testing process quicker and less expendve.

There is a huge potentid in uang the dready devdoped system for other research in modd flight
tegtings. For example, by adding three axes linear acoderometers to the IMU, a performance testing
can then be conducted. Consequently, the range and drag polar of the arcraft can then be

determined.
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10. Conclusion

The potertid benefit of usng UAV (Unmanned Air Vehides) has prompted The Sr Lawrence
Wackett Center for Aerogoace Design and Technology to initiate a project referred to MAFV. The
objective of the project is to devdop an unmanned autonomous flight vehide Thisthessis a part of
the MAFV prgject, with the objective of esimating a dynamic characteridtic of amodd arcraft from

flight deta usng parameter identification techniques.

A Tdemade T240 modd hes been assambled and equipped with necessary flight test
ingrumentation. The on-board data acquistion system based on Intd has been devdoped in
collaboration with The Computer System Engineering Department, RMIT. In addition, the flight deta

processing software has been written using Matlab.

The whole sysem has been demondrated by conducting a dynamic flight tes program on the
Tdemade T240. During the project, the modd has performed 17 number of flights through the
whole development of the flight test sysem. Four sets of maneuver data (a totd of 26 seconds of
data) have been successully andyzed to esimate the T240's dynamics. A reasonably good flight
data matchings have been achieved and 21 dability and contral derivaives (5 longitudind and 16

laterd) have been edimated.

The prgject has shown that the dynamic of a modd ararat can be esdimated with a ressonable

confidence using flight testing.
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APPENDIX 1: SENSOR CHARACTERISTICS USED IN THE TELEMASTER T240 FLIGHT TEST PROGRAM

Quantity measured Transducer Static sensitivity | Resolution Rms measurement
error (% of full
range)

1 Longitudinal acceleration Accelerometer, Setra systems model + 69 +0.059
141

2 Lateral acceleration Accelerometer, Setra systems model + 69 +0.059
141

3 Vertical acceleration Accelerometer, Setra systems model + 69 +0.059
141

4 Pitching velocity Rate piezo gyro, NE J-1000 +250°/s 229 +2°/s 11

5 Y awing velocity Rate piezo gyro, NE J-1000 +250°/s 242 +2°/s 11

6 Rolling velocity Rate piezo gyro, NE J-1000 +250°/s 250 +2°/s 0.8

7 Angle of attack Flow vane, potensio type Murata -50° to 60° 441 +0.4° 0.7
LPO6M3R1HA

8 Angle of sideslip Flow vane, potensio type Murata -50° to 40° 413 +0.4° 19
LPO6M3R1IHA

9 Elevator deflection Control position transducer, potensio -50° to 30° 3rd order +0.2° 0.9
type RS 173-574 calibration

10 Rudder deflection Control position transducer, potensio -60° to 30° 3rd order +0.2° 0.6
type RS 173-574 calibration

1 Right aileron deflection Control position transducer, potensio +20° 3rd order +0.2° 12
type RS 173-574 calibration

12 Left aileron deflection Control position transducer, potensio +20° 3rd order +0.2° 04
type RS 173-574 calibration

13 Airspeed Differential pressure sensor, SENSYM | 0to65m/s(0- | 0.12inc H20 +0.8 m/s®
SCCO5DN 10inc H20)

14 Engine rotational speed Hall effect 1C.Switch RC 307-446 0-25000 rpm 10 rpm
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Quantity measured Transducer Max applied Normally applied | Resistance | Zerooffset | Others
voltage or voltage or current
current
1 Longitudinal acceleration Accelerometer, Setra systems model 10Vadt,5mA 9K Ohm <+x25mV | x=07
141 wn = 350 Hz
2 Lateral acceleration Accelerometer, Setra systems model 10Vdt,5mA 9K Ohm <+25mV | x=07
141 wn =350 Hz
3 Vertical acceleration Accelerometer, Setra systems model 10Valt,5mA 9K Ohm <+2X5mVv | x=07
141 wn =350 Hz
4 Pitching velocity Rate piezo gyro, NE J-1000 4.8-6V, 80 mAh dynamic
range 0-
720°/s
5 Y awing velocity Rate piezo gyro, NE J-1000 4.8-6V, 80 mAh dynamic
range 0-
720°s
6 Rolling velocity Rate piezo gyro, NE 31000 4.8-6V,80mAh dynamic
range 0-
720°%s
7 Angle of attack Flow vane, potensio type Murata 10volt 6 volt 5K Ohm max
LPOBM3R1HA rotational
torque=5
gr.cm
8 Angle of sidedlip Flow vane, potensio type Murata 10volt 6 volt 5K Ohm max
LPOBM3R1HA rotational
torque=5
gr.cm
9 Elevator deflection Control position transducer, 10mA 5K Ohm
potensio type RS 173-574
10 | Rudder deflection Control position transducer, 10mA 5K Ohm
potensio type RS 173-574
11 | Left aileron deflection Control position transducer, 10mA 5K Ohm
potensio type RS 173-574
12 | Left aileron deflection Control position transducer, 10mA 5K Ohm
potensio type RS 173-574
13 | Airspeed Differential pressure sensor, 15mA 10mA 5K Ohm 0+20mvV
SENSYM SCCO5DN
14 | Enginerotational speed Hall effect 1C.Switch RC 307-446 25V 4.5t0 24V (6mA)
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APPENDIX 2: SENSOR ERROR ANALYSIS

1. Linear acceleration measur ement

A. Transducer error.

Transducer error for the accelerometer is modelled as bias error and scale error. These errors are determined from the
calibration.

B. Kinematics error.

Any cg offsets and misalignments produce errorsin accel eration measurements. These errors are calculates as follows
(Laban 1994):

Cg-Offset error
a, = axm,ed +(Xcg - Xax)(q2 +r2) - (ycg - yax)( pq- r) - (ch - Zax)( pr + q)

g

a =a +(ycg - yay)(r2 + p2) - (ch - Zay)(qr - p) - (Xcg - Xay)(qp+r)

Yeg Ymeasured

azOg = azmrm + (ch - Zaz)( p2 +q2) - (Xcg - Xaz)(rp_ q) - (ycg - yaz)(rp+ p)
Xax: Yax » 8N Zy @re longitudinal accelerometer positions.

X, Yay » 8Nd Z,, arelateral accelerometer positions.
Xaz» Yaz » @Nd 2z, are vertical accelerometer positions.

Misalignment error
é 1 “Yo d, f;'
acg:gyo 1 -j 03 measured
gd, o 14
Wherey o, qo, andj o are yaw, pitch and roll misalignments.

Since the kinematics acceleration error is a systematic error, it can therefore be minimised by locating the three
accelerometers as close as possible to the centre gravity.

2. Angular rate measurement
A. Transducer error.
The averages of 5 deg/s transducer error for the rate gyros were obtained from the calibration on the rate table.
B. Kinematics error.
The kinematics error due to misalignment is given as;
(f—‘ 1 “Yo Qo l;'
W, =23V, 1

Bdo Jo 10

- u
I l_'j'Wmeasured

3. Airflow direction measurement
From Laban (1994, page 216) the vane dynamicsis given as.
. 1 &g 1
| Ao *+ (GTVISCL 1) =+ (STVIS,CL, L) (Bl - 8 e) =0

Thelift curve-slope Cl, 5, can be approximated as;

A
Cl, =—————2p
" 2404+ A’

From the above 2nd order approximation, the damping and natural frequencies of the vane are;
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Cl, |
w, :\/w.OSrV2 X =

v
A simpler low frequency approximation to the vane dynamic can sometime be useful, and isgiven in alag time form as
follows;

ashaft (t) = a'vanet(t +t vane)

IV

scl,

-05
| . pimpact

\

The a and bvanes for the half-scale model has the following characteristics:

AspectratioA, =266 +224mm,
Areas, =9.68cnt
Armlength |, =5.2cm C—\I
M ass =3.84 grams : s | 25.4mm
Inertial, =153 gr.cnf \ [

< 34mm > ;
Calculation at v=15 m/s, gives a vane ‘ samm 1?'7—”1”‘;
natural frequency of 108 rad/s, and | v
damping of 0.19. The approximate time

Flow vane geometry

delay, tis 19 msec.

Flow-Vane sourcesof errors:
A. Aerodynamic position error, due to flow perturbation in the presence of nose or body. Hence, the local angle will
not represent the free stream flow directions. The flow vanes in this project were located far from the nose (twice the
fuselage diameter), hence this error is assumed to be negligible.
B. Kinematics error, due to offset vane locations from the centre of gravity. This offset location produces angular
velocities which affect the flow angle measurements.

\%

X
v Where V,, V, and V, represents velocities relative to the air.
_ y
byane = arctan—
Vx

Then both the aerodynamic position error and kinematics error can be formulated as;
Vz +(DV2) a/cinduced * 9(*vane - *cg)

a = arctan

vane location
Vx +(DVxz) a/cinduced = H(Zvane - Zeg)

~ 5 Xvane - Xcg
= 8cglocation T P@cginduced 9 v

Vy +(DVy) a/cinduced ~ " Xvane = %cg) + P(Zvane - Zcg)

b = arctan

vanelocation
Vx * (DVxz) gy cinduced = HZvane = Z%g)

_ Xvane -~ Xcg Zyane - Zcg
= Beglocation * PPeginduced = ' Vv *p v

In atypical doublet manoeuvre, the T240 may experience a maximum pitch rate of 2.0 rad/s (from simulation). If the
vanes are located at 1 meter forward of the c.g, this introduces kinematics error of g(Xane-Xco/V), Which
correspondsto a 4° error in angle of attack.
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C. Vane boom error, due to the present of boom support at the vicinity of the vanes. The vane-boom effect is normally
obtained from wind tunnel calibration of the installed boom-vanes system.

Approximation using potential flow theory isgiven as;

Avane = [1+Kalayanelocation

byane = [1+ K 1b

vane vanelocation

Where the correction K, and K, are;

f'vane max 5
Ka = K = ! .0 ?Mg dr
Manemax ~ 'vanemin "vanemin® " 9
For the T240 vanes,
r boom =0.7cm
I vane min =4cm
I'vane max =9cm

The correction values K ,, and K, calculated to be 0.0136 (1.36% of boom error).

D. Static vane alignment error.

M.Laban (1994)commented that there seems to be no need to accurately measure the vane misalignments. This error
can be combined with the induced flow distortion error, and simply stated as;

Avane = Bpody axis + PRalignment

+ Db

Byane = bbody axis alignment

E. Alignment error due to fuselage and boom bending.
Thiserror can be calculates as;

e_&e‘ﬂe('jf +66Te¢q'
&0 Eqp
where

e _ _J—ae;gaéosaeo
W, o 8% 5 &b

'ITe aefoaéo aero

V2 o8 Ens

For the T240, the alignment error due to fuselage and boom bending is cal culated below:

Fuselage Vaneboom
Length, | (meter) 155 045
Diameter, r (meter) 018 0.003
Structural efficiency, h 10% 100%
Stiffness, E (N/nf) 710° 710°
Density, r (Kg/nt) 2800 2800
Offset from Cg, Dx (meter) 0 1

&5.13x10°°f, - 4.16x10°%(dq/dt)

6=9.28x10°° f +Dx (dg/dt) - 3.13x10°5(dg/dt)

for max f,=25m/s
and (dg/dt) = 5 rad/s® e=0.157°

0.006° due to the fuselage

0.151° due to the boom
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Assessment of the flow vane for the T240.
The table below compares several existing flow vanes;

Velocity Natural freq Damping
(m/s) (rad/s)
Sydney University RPV - 170 -
Swearingen Metro |1 100 102 0.05
T240 model 15 108 0.19

Source of errorsfor the T240 flow vanes;

Error source M agnitude Comment

Flow perturbation | assumed negligible Verify with the press. distribution at the nose.
Kinematics max, 4° Determinate error

Vane boom max 1.4% (0.5°for +:30° range) less than data acquisition resolution

Static alignment obtain from wind tunnel calibration

Boom bending 0.16° neglected for the T240 model

The vane design is acceptable, since its damping is relatively high and its natural frequency is well above aircraft’s
mode (Wspo is typically < 18 rad/s). The expected error from the vane systemsis small, and remains inside the required
resolution of the sensor (which is+1°). Note that the kinematics error is quite significant and should be accounted for
during the analysis of flight test data.

4. Air pressure measur ement

A. Aerodynamic position error, due to the presence of the nose or body. This error normally dominates the static
pressure errors. However, since the static pressure is located far away from the nose in the T240 configuration, then
thiserror is assumed to be negligible.

B. Kinematics position error, due to the offset position from the cg. The kinematics error for the total pressure
measurement is given as;

1 2
> Pieg T Vg DVpitot

Ps
» Ptcg +_RT Vegl(Ypitot = Yeg)' - (Zpitot = Zeg)dl
s

for the T240;
Y= 4cm; g = 2rad/s, V= 30 m/s, produces kinematics error of OP= -3 Pascal. (4.35x10™ psi).

C. Probeerror.
Probe error in total pressure can be neglected (Wuest, 1980) aslong asthe flow angle isless than 10 degree. However,

probe error in static pressure is significant, and this includes error due to shear and error due to flow interference.
Flow friction along the probe, ahead of static pressure transducer, reduces the static pressure P, and is given as;

_ -y5 . d ot |
DPy oo = [00576.Re .fn(v, ?'g)]'lepact

The value of fn(...) depends on the design of the orifice and the wall characteristics. A severe value of fn(..)=2.5 is
taken for the T240. At Reynold number 3.45x10° , at V=30 m/s and viscosity of 1.456x10°, the shear error is calculated
aS DPyear = 0.016 Pyypace (O 1.6% impact pressure).

Thiserror is caused by the interference between flow in and out of the orifice with the external flow.

For calculationsin aflow interference error, refer to ESDU 85011.

D. Pressure tubes error.
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This error includes change in pressure inside the tube which is caused by acoustic effect, air friction, and rotational
speed of the aircraft. Present theoretical methods for determining this error is not reliable (M.Laban, 1994). A typical
value of 3 msec delay per one meter tube length is normally assumed.

E. Pressure traducers error.
For electric transducer, thiserror isnormally small and can therefore be neglected.

Airspeed measurement.

The airspeed value (V) is obtained indirectly from the measurement of static pressure (Ps), total pressure (Pt), air
temperature (Ts), and isrelated as follows;

] g

€ g-1 -Lu9
R = psél™t Vo

& 2RTs 4

where g= 1.4 (vary very little with humidity, gisalso insensitiveto V value).
R=Rgyar = 287.05 JKg.K. The value of R depends on the dew point temperature. Assuming a constant value of R,
produces a speed uncertainty of DV=0.5 m/s at temperature of 20 °C (Laban 1994).

Airspeed sensitivity due to changesin air parameters are given as,

1 DR
DV =—V —
2 . .
TinKevin
1 DTg
DV =—V—
2 Tg

Suppose an error of 2 degreesin temperature measurement at an airfield (say, T=18°C) to measure aircraft’s velocity of
30 m/s. This temperature measurement error is equivalent to uncertainty in speed measurement of DV=0.1 m/s. In
addition, A 10 degree variation in due point, which corresponds to DR=5 JKg.K, produce uncertainty in speed
measurement of DV=0.26 m/s

For low-speed flight;

2(p, - p)
V:I t s
r

The actual calibration of the airspeed sensor is carried out in the wind tunnel.
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5. Control surface deflection measur ement

1. Transducer error.

Thiserror is obtained from the calibration.

Control surfaces errors(deg % full scale

Right elevator 0.35 0.9
Rudder 034 0.6
Right aileron 051 12
L eft aileron 0.16 04

2. Mechanical linkage error.

This error is caused by the elasticity, lag, and imperfection of the mechanical linkages connecting the two sides of the
control surfaces. Due to this error, it becomes impossible to have a perfectly symmetrical movement of the left and
right control surfaces. Ideally, deflection sensors should be placed on all control surfaces. However, due to limited

number of channels available, only left and right ailerons are measured separately.

In this project, since the linear accelerometers were not working, then no angular rate correction can be performed.
Kinematics errors for angle of attack and sideslip were corrected. From the error analysis above, other low vane errors

can be neglected.
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APPENDIX 3: CHARACTERISTICS OF THE TELEMASTER T240 MODEL

Wing ‘ Value
Area (cm?) 8300
Span (cm) 226
Chord (cm) 35
Swept angle (deg) 0
Dihedral angle (deg) 2
Aspect ratio 6.8
Taper ratio 1
Setting incidence (degree) 11
Downwash angle (degree) 0
Efficiency 0.8
Max thickness ratio (at position) 0.13 (0.3c)
LE distance from the nose (cm) 375

2-D lift curve slope (per degree)

2-D drag curve slope (per degree)

Aileron Value

Area of each aileron (cm?) 550
Span (cm) 55
Chord (cm) 10
Swept angle (deg) 0
Dihedra angle (deg) 0
Aspect ratio 55
Taper ratio 1
Inboard station (% half span) 44.7
Outboard station (% half span) 100

Vertical fin Value
Area (cm?), including rudder 820
Span (cm) 39
Chord (cm) 30
Swept angle (deg) 60
Dihedral angle (deg) 0
Aspect ratio 11
Taper ratio 0.8
Setting incidence (degree) 0
Downwash angle (degree) 0
Efficiency
Max thickness ratio (at position)
LE distance from the nose (cm) 134.5

2-D lift curve slope (per degree)

2-D drag curve slope (per degree)

Tailplane ‘ Value
Area (cm?), excluding elevator 1550
Span (cm) 86
Chord (cm) 18
Swept angle (deg) 0
Dihedra angle (deg) 0
Aspect ratio 2.4
Taper ratio 1
Setting incidence (degree) 11
Downwash angle (degree) 0
Efficiency
Max thickness ratio (at position) 0.14 (0.4)
LE distance from the nose (cm)t 134.5
2-D lift curve slope (per degree)
2-D drag curve slope (per degree)

Elevator Value

Area of each elevator (cm?)
Span (cm) 36
Chord (cm) 5
Swept angle (deg) 0
Dihedral angle (deg) 0
Aspect ratio 7.2
Taper ratio 1
Inboard station (% half span) 5
Outboard station (% half span) 95

Rudder Value

Area (cm?) 490
Span (cm) 39
Chord (cm) 13
Swept angle (deg) 0
Dihedra angle (deg) 0
Aspect ratio 3
Taper ratio

Inboard station (% half span) 0
Outboard station (% half span) 100
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ENGINE AND PROPELLER
CHARACTERISTICS

Value

Flap Value ‘

Area of each flap (cm?) 348

Span (cm) 43.5

Chord (cm) 8

Swept angle (deg) 0

Dihedral angle (deg) 0

Aspect ratio 5.4

Taper ratio 1

Inboard station (% half span) 6

Outboard station (% half span) 44.7

Engine type Irvine-150
Power 22 cc

Idle rpm 1700

Full throttle rpm 8000-12000
Type Fixed pitch
Diameter (mm) 360

Mean chord (mm) 30

Hub diameter (mm) 70

Pitch (mm) 14

DISTANCES Value

Fuselage length (cm) 155
Fuselage width (cm) 18
Centre of gravity, Xcg (cm) 52
Vertical centre of gravity, Zcg (cm) +1.5
C.g to tailplane quarter chord (cm) 140-Xcg
C.g to wing quarter chord (cm) 46-Xcg
C.g to wing a.c (chordwise in cm) 46-Xcg
C.gtowing a.c (vertical in cm) 14-Zcg
C.g to thrust axis (cm) 0

Nose to wing quarter chord (cm) 46
Nose to tail quarter chord (cm) 140
Wing to tail quarter chord (cm) 94
Vertical distance from wing to tail (cm) 8
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APPENDIX 4: FLIGHT TEST SENSOR CALIBRATIONS

Results of the flight test sensor calibrations are presented in figures A4-1 to A4-11. Each figure contains 2
different graphs; the top graph shows the experimental result and its fitted curve, the bottom graph shows
the corresponding calibration error.

Channel allocations and calibration results are shown below:

Sensors Calibration Standard Mean Figure
deviation (% no
full scale)
1 spare
2 Rate gyro 1 1.4283X-216.88 1.0005(0.27) | 1.345x10™ A4-1
3 Rate gyro 2 1.5342X-234.38 11977 (0.30) | -3527x10™ | A4-2
4 Rate gyro 3 -1.3555X +170.84 39375(1.14) | 34639x10™ | A4-3
5 Accelerometer
6 Accelerometer
7 Accelerometer
8 spare
9 spare
10 Airspeed (1890.3X-3544.6)°° 1.7(2.6) 92667 x 10 | A4-4
11 Y aw vane 0.41327X-57.99 0.7515(0.74) | -0962x10™ | A4-5
12 Angle of attack vane | -0.43511X+63.768 0.6745(0.66) | 1.228x10™ A4-6
13 Left aileron -2.767x10°°X >+1.3356x10°°X % 0.1747 (058) | -1790x10"° | A4-7
4.477x10°X-18.115
14 Right aileron 2.2612x10°°X 3-9.3349x10°*X *- 05094(12) | 59164x10%" | A48
7.5499x102X-21.917
14 Flap -2.5549x10°°X 3+5.9816x10 04075(1.02) | 26412x10%" | A4-9
§optionel 4X2+1.9118x101X-5.4749
15 Elevator -1.0155x10°°X 3+3.1717x10° 02096 (05) | -0.7905x 10 | A4-10
3X%+5.9756x102X-33.208
16 Rudder -6.1266x10°°X 3+2.4028x10°3 03346(06) | 15258x10% | A4-11
X?+9.3398x102X-45.87
17 Engine rotational | 256* channel 17 + channel 18
speed
18 Engine rotational | 256* channel 17 + channel 18
speed
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Figure A4- 1: Yaw Rate Gyro (Chn 2) Calibration

Figure A4- 2: Pitch Rate Gyro (Chn 3) Calibration
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Figure A4- 3: Roll Rate Gyro (Chn 4) Calibration

Figure A4- 4: Airspeed Sensor Calibration
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Figure A4- 7: Left Aileron Calibration

Figure A4- 8: Right Aileron Calibration
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APPENDIX 5: FLIGHT TEST SOFTWARE DESCRIPTION

Input and output variables in the subprogram m files.

M file \ Input variables \ Output variables
optional
londyn.m u u alpha q alphadot gdot
latdyn.m u ua ur betap r betadot pdot rdot
[slongui.m uaphaq alphadot qdot u apha q alphadot qdot alpha est g_est Cz
CmCz estCm_est P_est
[slatgui.m uaur betapr betadot pdot rdot | ua ur beta p r betadot pdot rdot Cy Cl Cn
Cy _est Cl_est Cn_est P_est beta cal p_cal
r_cal STD
mllongui.m uaphaq alphadot qdot ualphaqgapha est q_est P_est CRB
mllatgui.m uaur betapr betadot pdot rdot | uaur betaprbeta estp estr_est P_est CRB
preprocess.m | Vax Vay VazVpVqVr axcg aycg azcg pcg qcg rcg dc da dR rps
Vdc Vdad Vda VdR thrust vcg al phacg betacg
Vrps Vdyn Vstat
ValphaVbeta
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APPENDIX 6: TESTINGS

1. Enginetest.

Test specification:

Engi

Propeller diameter

ne type

Pitch

Engine speed range

Air speed range

App

aratus.

: RC-80, approx. 1.7 Hp

: 14 inches

: 6inches
: 0-9000 rpm
:0-25m/s

A thrust balance, with the thrust calibration: Thrust (Newton) = 1.9833 x (balance reading) - 0.454. The accuracy
of the balance is approximately 0.2 Newton.

A pitot static tube and an inclined manometer, with SG=0.785, and inclination of 36 degrees. The wind tunnel

speed iscalculated as v = J2x9.81x sin(36) xSGxDH , where H isthe manometer reading in mm.

A digital tachometer, with engine speed reading in rpm (revolution per minute), where rpm=100x(displayed value
on the tachometer).
JR remote control system.

Note : To avoid overheating inside the wind tunnel, the engine exhaust is channelled out of the wind tunnel through a

flexible hose.

M easur ements.

No | Manometer | Tachometer | Balance || Airspeed Engine Thrust Advance Thrust

readings readings readings (m/s) speed (N) ratio coefficient
(mm) (rpm) J=v/(nD) | Ct=T/(r n®
D%

1 0 3.8 41 0 3800 (7.6763 0 0.067529
2 6 38 35 7.348469 3800 ([6.4865 0.297509 |0.057063
3 16 38 1.6 12 3800 ([2.7188 0.48583 |0.023918
4 0 5.0 47 0 5000 (8.8661 0 0.045051
5 0 5.0 45 0 5000 (8.4695 0 0.043035
6 12 5.0 4.4 10.3923 5000 ([8.2712 0.319763 |0.042028
7 12 5.0 3.9 10.3923 5000 ([7.2797 0.319763 |0.03699
8 18 5.0 31 12.72792 5000 ([5.6933 0.391628 |0.028929
9 28 5.0 2.2 15.87451 5000 ([3.9086 0.488446 |0.01986
10 0 74 11.6 0 7400 [22.5488 |0 0.052308
11 10 7.4 10.2 9.486833 7400 [19.7726 [0.197231 |0.045868
12 32 7.4 8.0 16.97056 7400 (1541 0.352818 |0.035748
13 62 7.4 41 23.62202 7400 ([7.6763 0.491102 |0.017807
14 0 9.0 17.5 0 9000 (34.2485 |0 0.053711
15 12 9.0 16.2 10.3923 9000 ([31.6706 [0.177646 [0.049668
16 28 9.0 14.3 15.87451 9000 [27.9029 |0.271359 |0.043759
17 60 9.0 10.9 23.2379 9000 (21.1607 [0.397229 (0.033186
18 0 43 4.0 0 4300 |7.478 0 0.051376
19 0 25 25 0 2500 [4.5035 0 0.091533

Results:

Thrust model:

Ct = 0.065 - 0.089 J, or Thrust = 1.84x10° n?- 6.46x10°% V n (At sealevel, wherer = 1.225 Kg/n).

whereJ=v /nD, and Thrust = r n?D*Ct
D = Propeller diameter = 0.39 meter, n = rotational speed in rev/s.

The dataisfitted with the standard deviation of 1 Newton
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2. Centre of gravity determination

The distance between the two support points, d=1250mm.

Thickness (mm) equivalent theta Rm(kg) Rn(Kg) W(kg) tan(theta) Rnd/wcos
0 0 9.0085 1.3 10.3085 0 0.157637
24 1.100228 9.0487 1.26 10.3087 0.019204 0.152812
50 2.292612 9.0968 1.21 10.3068 0.040032 0.146865
105 4.818878 9.195 1.11 10.305 0.084298 0.135121
151 6.938786 9.2755 1.03 10.3055 0.121691 0.125855
177 8.141042 9.3285 0.98 10.3085 0.143041 0.120044
202 9.300463 9.3723 0.94 10.3123 0.163752 0.115459
0 0 9.01 1.3 10.31 0 0.157614
147 6.754109 9.2717 1.04 10.3117 0.118422 0.126951
167 7.678238 9.3015 1.01 10.3115 0.134809 0.123544
105 4.818878 9.1885 1.11 10.2985 0.084298 0.135206
80 3.669708 9.1522 1.16 10.3122 0.064131 0.140899
55 2.522014 9.1066 1.2 10.3066 0.044043 0.145679
Total 9.181215 1.126923 10.30814
Result:
Xcg : 15.74cm from the datum, ie 47.5 cm behind the nose
zcg : 25.79cm from the datum, ie 14 cm above ref. point.
3. Moment of inertia determination
Pitching moment Roll Yaw
ly =0.14m I_x =0.1m l_y=0.44m
M =10.3 kg
b=226m R_r = 0.662m R_y = 0.2475 m
L=155m
no oscillation time (s) no oscillation time (s) no oscillation time (s)
10 19 10 22 10 21
10 19 10 21 10 21
10 19 10 22 10 21
10 19 10 21 10 21
10 19 10 21 5 10)
15 29 5 104 5 104
15 28 8 17 8 17
15 29 8 17| 8 7
15 28] 8 17| 9 19
12 23 9 19
12 23
12 23
Average Period 1.904167]Average period 2.119444IAverage period 1.945679

Results:

Rolling inertial,, = 1.15Kgn?

Ptiching inertialyy

=1.30 Kgn?

Yawinginertial, = 1.28 Kgn?
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Appendix 7: Flight test procedures and the collected records

Samplerecord of flight data
Test name : Longitudinal dynamic Input Manoeuvre : Elevator doubl et ﬂ |
Test model : Telemaster T240 Flap setting (deg)
Date : 13/6/96 Approx. Speed (m/s)
T-Otime : 13.00 Landing time
Manoeuvre/ flight.no : 13 Filename
T-Ofud (Kg)
T-O weight (Kg) 11
Cg(x,y,2) incm 1475014
Inertia(Kgm2) (Ixx=115 1zz=1.28 Ixz=0

Ground temp (deg C) 16 Ground pressure (mmHg) : 76

Apparatus checklist:

1. Inclinometer.

2. Scales.

3. Spare vanes.

4. Metering tape.

5. Stopwatch.

6. Temperature and pressure measuring devices.
7. Laptop
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Flight test procedureto perform dynamic manoeuvre.

Step no Description

1 Check all sensors are connected to the appropriate channels

2 Verify al switches are off

3 Switch the transmitter and receiver on

4 Switch the IMU and DA S on, the DAS light indicator should be blinking

5 Press the enable/disable DAS button

6 Click the gear control on the transmitter forward and then backward to check that the DAS
records the data. The DAS indicator should stop blinking .

7 Connect the RS232 to the laptop.

8 Run the communication program (Telemate) to receive the data.

9 Initiate the log file to save the datainto afile (press alt-L), and input filename.

10 Oncethe DA S indicator starts blinking again, unload data by pressing the unload button.

11 Closethefile by pressing Alt-L

12 Repeat step 2t0 5

13 Taxi the aircraft into take off position on runway.

14 Take off.

15 Climb to altitude, then perform aturn. Prepare for doublet manoeuvre.

16 Maintain heading and wing level.

17 Click the gear control on the transmitter to start recording the flight data.

18 Throttleidle, perform doublet manoeuvre, throttle maximum.

19 Climb out.

20 Perform aturn and prepare for landing

21 Landing, then engine off.

2 Repeat step 7 to 11.
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