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ABSTRACT

System identification techniques are routinely used in experimental stability and control
studies throughout the aerospace industry. Over the years, various reéearchers at the
College of Aeronautics have contributed to this field; most recently some of the latest
methods have been employed to estimate the stability and control derivatives of a variety
of aircraft types. Although the more recent investigations provide a useful insight into
the capabilities and characteristics of several up-to-date methods, they have not resulted
in tools which may be used on a routine basis.

Consequently, the purpose of this report is to describe a set of procedures which are
straightforward to apply, and produce reasonable solutions to the type of linear parameter
identification problems which are often found in aerospace work. Recordings of the short
period and phugoid modes from Handley-Page Jetstream G-NFLC are used throughout as
examples.

Firstly, those characteristics of the aircraft’s instrumentation system which influence
the quality of the signals - sample rate, antialiasing filters, time delays - are considered.
This information is used in conjunction with standard signal processing techniques to
ensure that the data is of sufficient quality to be used in the parameter estimation process.
Next, a basic Fourier analysis and a least squares algorithm are employed to produce non-
parametric and parametric models respectively. The results thus obtained are comparable
to those generated using more sophisticated techniques.

In conclusion, standard signal processing methods combined with relatively simple

estimation theory offer an adequate solution to the linear parameter estimation problem.
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NOMENCLATURE

AlphaTru True angle of attack (from POSTFLT)

b,---b,,  Coefficients of B(q) in output error structure

B(q) Numerator polynomial in output error structure
c Standard mean chord

e(t) Measurement noise in output error structure
EKF Extended Kalman filter

Elevator  Elevator position (from POSTFLT)

fi- fnf Coefficients of F' (q) in output error structure

F(q) Denominator polynomial in output error structure
FLDS Fixed lag differentiator smoother

GM Gauss-Markov

H Matrix of w, g and 7 samples

IEKF Iterated extended Kalman filter

IRS Inertial reference system

IRSPtcRt Pitch rate (from POSTFLT)

k Harmonic number

k. Maximum harmonic number

k, Numerator gain in elevator to pitch rate transfer function

m Pitching moment (concise quantity)

A°4 . Pitching moment due to pitch rate perturbation (dimensional derivative)
MAP Maximum a posteriori

MBEFS Modified Bryson-Frazier smoother

MSR Modified stepwise regression

n Sample number

nk Number of delays in output error structure

N Total number of samples
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NOMENCLATURE (continued)

Ordinary least squares

Parameter identification

Power spectral density

Pitch rate perturbation; polynomial as function of delay operator

Imaginary component of the j” harmonic vector

Real component of the j” harmonic vector

Laplace operator

Time

Sample interval

Time length of data record

Numerator factor in elevator to pitch rate transfer function
Numerator factor in elevator to pitch rate transfer function
Total least squares

Airspeed perturbation; system input

Measurement error

normal velocity perturbation

The »n" sample

Axial force (concise quantity)

Harmonic vector corresponding to the £” harmonic (=7, + jg, )
System output

Vector of w, ¢ samples

Normal force (concise quantity)

Delay operator

Zero phase filter






NOMENCLATURE (continued)

Greek Symbols

n Elevator perturbation

S, Phugoid damping ratio
S Short period damping ratio

Discrete frequency

Oy Maximum discrete frequency
o, Phugoid undamped natural frequency
@, Short period undamped natural frequency
Miscellaneous

Concise derivatives are of the form, e.g.:-

z, Normal force due to normal velocity perturbation, etc.

X Rate of change with respect to time.

x(n) Value of a variable at time ¢ = ¢(n)
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1. INTRODUCTION

Parameter identification (PI) is a process whereby the dynamics of a system are estimated

from a knowledge of the input and output time histories. PI techniques are used in support

of various activities throughout the aerospace industry, some common applications

being:-

e Comparing the characteristics of a real aircraft to the dynamics predicted by
simulation models.

e To aid in the understanding of aerodynamic phenomena and their relationships to
stability and control behaviour.

o To provide more accurate models for simulators.

o To provide improved stability augmentation systems, and on a more esoteric level to
estimate the models required by adaptive flight control systems.

Several generations of researchers at the College of Aeronautics have worked in this
field. In 1967 Pallister [1] investigated the lateral stability characteristics of the Shorts
Belfast using a scale wind-tunnel model and a combination of static and oscillatory rigs.
The work was continued the following year by Martin [2].

In the 1970’s, Klein (one of the most prolific researchers in the field) contributed a
great deal to the applied aspects of the parameter identification problem. In Ref. [3] the
basic performance of an instrumentation system is quantified, dealing with topics such as
precision, accuracy, static and dynamic calibration. In his Ph.D. thesis [4], the most up to
date methods (at the time) were applied to a range of simulated and test data. The
capabilities of the equation error method, output error (OE) with total least squares (TLS),
maximum likelihood estimation (MLE), and Bayesian techniques were successfully
applied to test data from the Basset variable stability aircraft, the HP-115 slender delta
wing tesearch aeroplane, and to simulated data from a nonlinear model of the F-100
Super Sabre.

This mix of theoretical and applied work was continued in the 1980’s by Foster [5].
The MLE method was used in conjunction with a steady state Kalman filter to produce a
technique for identifying stability and control derivatives in a calm or turbulent



atmosphere. The techniques thus developed were verified successfully using flight data
from a Gnat jet trainer.

During the 1990°s, a variety of techniques were examined by several researchers. Hoff
[6], used an estimation-before-modelling method to identify models of the EMB-312
Tucano dutch roll and the University’s Handley Page Jetstream phugoid from flight data.
This study concentrated in two main areas; state estimation followed by parameter
identification. The state estimation study evaluated the use of a standard Kalman filter
with a modified Bryson-Frazier smoother (MBFS), and an iterated extended Kalman filter
(IEKF) combined with a fixed lag smoother differentiator (FLDS) to recover “noise free”
signal estimates. The modified stepwise regression (MSR) technique was then applied to
the processed signals in an attempt to estimate the stability and control derivatives.
Although a theoretically interesting thesis, only a limited success was achieved with the

practical implementation on the Jetstream; e.g. in all cases bar one a positive value of

M , Was obtained. It should be noted that this may be due more to the nature of the data

than any deficiency in the technique, since Hoff was attempting to identify both the short
period and phugoid motion from data containing only a phugoid excitation.

Another practical problem was tackled by Hinds [7] who applied the MSR technique
to experimental data derived from a Hawk wind tunnel model. The thesis begins with a
useful summary of the principal differences between some of the most common
identification methods; ordinary least squares (OLS), TLS, Gauss-Markov (GM),
maximum a posteriori (MAP) and MSR. Hinds implemented a MSR algorithm in
FORTRAN and validated it using data from simulations of the F-4 Phantom and the
Hawk. The experimental work was however unsuccessful, a result which appears to be
due to the quality of the data.

The most recent (and arguably the most successful of the experimental studies
conducted in the 1990°s) attempt was conducted by Baek [8], who identified the
longitudinal motion of the Jetstream in the cruise from test data. Like Hoff, Baek
considered both the state estimation and parameter identification problem. A range of
methods were considered for the former; a relatively complex EKF/FLDS algorithm, a
much simpler zero-phase filter (ZPF), and a combined EKF/ZPF. For the parameter



estimation part, OLS, TLS and MSR were used. Broadly speaking, reasonable practical
results were achieved, and the thesis provided a useful comparison of several state
estimation and parameter identification techniques.

Although a serious field of study in its own right, the main role of parameter
identification is to support work in other areas, e.g. aerodynamic modelling, handling
qualities, etc. Therefore although a great deal of interesting work has been performed at
Cranfield, it is, understandably, of a specialist nature and has not produced tools which
may be employed on a routine basis to support other disciplines within the College.

Furthermore, the most recent studies have not taken into account the characteristics of
their respective instrumentation systems. This is a surprising oversight, given that the
quality of the sensors and any associated processing can have a drastic effect on the
reasonableness of the identified models.

Consequently, the purpose of this report is to describe a relatively simple set of
procedures and techniques which may be used by non-specialists to identify mathematical
models from flight data. The methods are illustrated throughout using test data from
Handley-Page Jetstream G-NFLC (Fig. 1) and all data analysis is performed using
MATLAB™ | the associated toolboxes, and some customised functions.

Section 2 lists a few points which should be considered before any attempts are made
to manipulate flight data. Section 3 discusses those aspects of the instrumentation system
which have an impact on the quality of the identified results. Appropriate sample rates
and signal processing are considered in Section 4. The application of a basic Fourier
analysis technique and a simple least squares algorithm to the construction of models
from flight data is discussed in Section 5, while Section 6 tackles the same problems
using (more sophisticated) built-in MATLAB™  functions. Some conclusions and
suggestions for future work are offered in Section 7.

Appendix A lists the example data files used throughout the report, the author’s
customised functions are contained in Appendix B, and the use of these functions is
illustrated in Appendix C.

Before progressing, note that this report does not contain a detailed exposition of

general system identification theory; such information has been extensively developed



elsewhere [9, 10]. Simple theory is however presented where it aids the practical
understanding of the problem. Furthermore, the analyses herein are confined to linear
systems, and it is assumed that the reader has a basic knowledge of flight dynamics, is
familiar with the recording software RECGEN, the POSTFLT data manipulation package
[11], and has some knowledge of MATLAB™ [12-15].

Finally, this report does not attempt to discuss parameter identification in a wider
context, e.g. input requirements, the characteristics of various algorithms, how to define
the correct model structure, etc. Such information is already available in the open

literature [3,4,9,10,16].

2. SIMULATED DATA

Before getting to grips with flight data, it is worth trying out candidate estimation

techniques on simulated data. As a bare minimum, the following points should be

considered:-

e Start with perfect noise free states from a linear model. Does the chosen input
excitation and identification method produce reasonable results? If not, think again,
since the chances of it working on real data are extremely slim.

e Begin with the simplest practical techniques; in many cases they will produce
acceptable results, even if the eventual aim is to apply a complex method.

e Once reasonable estimates are obtained with “perfect” simulated information, try
corrupting the signals with noise. How are the estimates affected?

e Can the effects of noise be reduced through sensible filtering? If so, how do the

estimates compare with the noise free case?

3. SIGNAL CHARACTERISTICS

As an example, consider the small perturbation state space short period description [17]:-

HEE M 0

where w is the heave velocity (derived from the POSTFLT signal AlphaTru), q the pitch

rate (IRSPtcRt) and 7 the elevator deflection (Elevator). The derivatives z,,, etc. are in



concise dimensional form. In order to estimate the stability and control derivatives from
the flight data it is first necessary to consider the salient characteristics of the above
measurements. |

The AlphaTru and Elevator signals are obtained from separate Fisher Controls 4000
series alternating current (AC) rotary position transducers [18]. These output an analogue
voltage signal which is passed through a low-pass anti-aliasing filter (single pole, cut-off
frequency 100 Hz) before being digitised for use in the C30 processor which forms the
basis of the instrumentation display and recording system. The rotary pick-offs are

infinite resolution devices, and have a linearity of +/—1 % . The dominant source of error

in the position measurements they provide lies in the calibration; for a given voltage
output the corresponding angular position is measured manually, resulting in a systematic

error of between 1/2 to 1 deg.

The pitch rate, IRSPtcRt, is available as a digital output from a Litton LTN-90 inertial
reference system (IRS) [19]. Within the IRS, it is filtered by a second order Butterworth
low pass filter with a cut-off frequency of 8 Hz. The signal is subject to a nominal
transport delay of 50 ms (although 100 ms has been observed), is accurate to 0.1 deg/sec,
and has a precision of .004 deg/sec.

Once digitised, all measurements are processed by the C30 processor, which has a
sample rate of 500 Hz.

The overall impact of the above is discussed in the next two Sections.

4. DATA RECORDING and PROCESSING
Two problems are considered in the following paragraphs:- data recording and signal
processing. The reduced order short period motion is used to illustrate the main points. In
terms of data recording, attention is focused on the selection of a suitable sample rate; the
signal processing paragraphs describe the steps undertaken to ensure that the states, their
rates of change, and the elevator input are of suitable quality to be used in the parameter
estimation process.

All analysis and processing makes use of standard MAT. LAB™ functions, [12-15]. PSD

plots were constructed using “psd”; filter coefficients were computed using “butter” and



implemented using “filtfilt” to avoid any phase distortion effects; coherence estimates
were calculated by “cohere”. State derivatives with respect to time were constructed
using “diff”’. The various signal processing steps are combined in functions “pro_spl”
and “pro_lof” for short period and full order longitudinal motion respectively.

A more detailed treatment of the points raised in Section 4 may be found in [16].

4.1 Sample Rate

Having decided which sensors are of interest, it is then necessary to select a suitable
sample rate. In theory, only a minimum acceptable value (governed by the Nyquist
sampling theorem) need be considered. However, there are subsidiary considerations
which will limit the final choice:- the amount of data which can be stored on a standard
floppy disc, and the time delay in the JRSPtcR¢ signal.

For the short period example, the Nyquist sampling theorem dictates that the Elevator
and AlphaTru signals be sampled at greater than 200 Hz. However since single pole filters
are used, there may be significant noise components above 200 Hz, so the actual sampling
rate should be somewhat higher, perhaps 250 Hz. If the sample rate is too low, significant
aliasing may occur:- Fig. 2 shows power spectral density (PSD) plots of AlphaTru (file
tul51817, Appendix A) signals recorded at 500 Hz and 50 Hz (file th105910). When
recorded at the higher frequency, the noise components above 100 Hz are clearly visible.
However, at the lower sample rate the high frequency noise has folded down into
apparent noise components at approximately 3 Hz and 20 Hz.

Ideally then, an acceptable sample rate should be selected by recording AlphaTru and
Elevator at ever decreasing rates, starting from the 500 Hz upper limit. Compare the
PSDs at each sample rate and note the lowest acceptable value at which no aliasing
occurs. This may be a time consuming process, and in addition the desired combination
of sample rate and the number of channels selected may produce a file which is too large
to fit in a standard floppy. A compromise is usually required.

Finally, try to select a sample rate which is a divisor of the JRSPtcR¢ transport delay;
this will make it easier to remove the delay at a later stage. This is however very much a

BTM “«

secondary requirement since one can always use the MATLA interpl” function to

interpolate at a later stage.



Note that satisfying the anti-aliasing requirements of the AlphaTru and Elevator
signals implicitly takes care of the IRSPfcRt measurement.

Individual circumstances may permit a relaxation of the rules. For exainple, the author
mistakenly understood the cut-off frequencies of the antia-aliasing filters on the two
analogue measurements to be much lower than 100 Hz; a sample rate of 50 Hz was
therefore assumed to be adequate and used for all of data files discussed herein. The
consequences of this error can be assessed from the PSD plots, Fig. 2. The AlphaTru
PSDs have a similar shape below 0.5 Hz (3 rad/sec); this should be adequate to capture
the main features of the airframe short period response. In contrast, the JRSPtcR¢ and
Elevator responses show similar characteristics up to around 10 Hz (63 rad/sec); more

than adequate.

4.2 Filtering

A glance through some system identification literature reveals a staggering array of
candidate filtering techniques; the approach adopted here is to design low-pass filters,
using standard frequency domain analysis methods. While this is sufficient for many
problems, and allows the user to retain a high degree of visibility, it cannot cover every
eventuality.

Fig. 3 shows a PSD plot of the unfiltered Elevator signal (dotted line) from a short
period excitation (file t4105910). The signal power is concentrated below 15 rad/s, say,
above which significant noise components are present. Thus, as a first estimate, a low-
pass Butterworth filter with a cut-off frequency of 15 rad/s would be appropriate. In order
to avoid filter transients, the order should be kept as low as possible; second order is
sufficient in this case.

Comparing the filtered and unfiltered PSDs, the magnitude of the noise components
has been significantly reduced in the latter. The frequency domain picture is therefore
adequate, but the time response should also be considered; check that the chosen filter
dynamics do not cause unwanted transients.

Following similar reasoning, a third order filter with a cut-off frequency of
approximately 7 rad/s was applied to the 4lphaTru measurement; for the IRSPtcR? signal,

the same order but a higher cut-off frequency of 20 rad/s was used. There is an additional



constraint on the filter selection here, since the rate of change of each signal with respect
to time must be calculated (see equation 1). Check that the chosen filter characteristics
produce acceptable derivatives. |

As a general rule, aim to select a filter with as low an order, and as high a cut-off

frequency as possible within the constraints of the problem.

4.3 Transport Delays
Signals derived from the LTN-90 IRS are subject to transport delays. For the IRSPtcRt
measurement, the brochure [19] quotes a nominal value of 50 ms. Experience suggests
that the actual value can vary between 50 ms and 100 ms, so some iteration is normally
required.

The delays are easily removed if the sample rate, actual or interpolated, is a divisor of
the delay; simply shifting the IRSPtcRt vector to the left by the appropriate number of

samples solves the problem.

4.4 Removing Offsets and Defining Units

This study is concerned with estimating linear models about a trimmed equilibrium
condition, so all initial offsets must be removed from the data; in the short period
example the elevator deflection is used as a baseline. The data sample corresponding to
the beginning of the pilot’s elevator input is noted; the mean value of each variable
between the start of the data file and this sample is then calculated. The appropriate
average is then subtracted from the corresponding variable so that all signals start from a
zero initial condition.

The signals are measured in a variety of units. For example, the units of ware m/5s,
while IRSPtcRt and Elevator are measured in units of deg/s and deg respectively. To
avoid confusion at a later stage, scaling factors should be applied to ensure a consistent
set of units, e.g. SI.

Another, unrelated, use of scaling is to improve the numerical conditioning of some
estimation algorithms. The variables may be scaled such that the peak perturbations have
a magnitude of 1. This can be helpful if the matrix H 'H in the least squares estimation

(see equation 13) is ill conditioned. The author has applied this technique to various



Jetstream estimation problems, and although the condition number of the above matrix
factor is much reduced, it makes little difference to the estimates of the stability and
control derivatives. This is probably due to the fact that H H typically has a condition

number in the hundreds, which is generally too low to cause serious numerical problems.

4.5 Differentiating the States
This is calculated simply as the difference in the value of the states between samples
divided by the time interval. By paying careful attention to the filtering of the states, the

derivative estimates thus obtained should be adequate.

4.6 Coherence
It is advisable to check the coherence of a given input/output pair. A minimum value of
0.8 is generally acceptable, although this is not a rigid rule. Since flight data at Cranfield
is usually recorded on an opportunistic basis, the researcher may have to live with the
available information. Regardless of this, one should check that the mode of interest has
actually been excited.

A case in point is the Elevator to IRSPtcRt coherence for the file th105910, Fig. 4.
This indicates that data above a frequency of around 15 rad/s should be discarded, and

that at some lower frequencies the coherence is less than ideal.

5. TWO BASIC IDENTIFICATION ALGORITHMS

Although MATLAB™ provides a host of built-in identification algorithms of varying
degrees of complexity, it is instructive to consider the problem from an elementary
standpoint. The aim in doing so is not to produce algorithms which are comparable in
complexity, flexibility, or speed of computation, but rather to show that useful results can
be achieved with the minimum of theory. Consequently this Section describes and
illustrates the use of one non-parametric and one parametric algorithm, both of which are

relatively straightforward to implement.



5.1 A Non-Parametric Identification Technique
By using Fourier techniques, a set of input / output time response data may transformed
directly to the frequency domain. Since the transformation does not require any
knowledge of the underlying aeroplane dynamics, other than an assumption of linearity, it
is known as a non-parametric estimation method.

The following discussion is based on material contained in [20], Chapters 3 and 6,
which contains a useful introduction to Fourier methods and their use in practical signal

processing problems.

5.1.1 Basic Theory
The discrete Fourier transform (DFT) of a time series signal is:-
A~ N_l :
X, =T, x,e 2=V €))
n=0

where T, is the sampling interval, N is the number of samples, x, is the n” sample,

and k& is the harmonic number. Expressing (2) as a sum of real and imaginary
components:-

%, =TYx, [cos(k2zn/N) - jsin(k2zn/ )|

n=0

N-1 N-1 (3)
=T ) x, cos(nk 27z‘/N) ~jT.Y x, sin(nk 2ﬂ/N)
n=0 n=0
Setting k27/N = dé, (3) becomes:-
R N-1 N-1
X, =T, x, cos(ndf) - T, x, sin(ndb) @
n=0 n=0

=1+ J4,
If this operation were carried out for a pair of input and output signals, say elevator and
pitch rate, then in each case for a given harmonic % :-
M =a, +Jjb, )

4, =c¢, +jd,

and the frequency response is obtained from the ratio:-

10
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/2 ©

The discrete frequency vector and the maximum harmonic required may be calculated

as follows. If the length of the data record is 7|, seconds, then the lowest frequency which
may be calculated is 1/T, Hz or 2xz/T, rad/s. Hence, if an upper frequency limit of
., rad/s is required, then the corresponding maximum harmonic, £, , is obtained

from:-

27k
o = ”T“"”‘ rad/s %)

w

Since the frequency vector only exists for discrete harmonic numbers defined by integer

values of k, then increment k¥ from zero to k,, in steps of 1, whereupon the discrete

frequency vector is:-

27k
T,

w

=

@®

Equations (3) through (8) are implemented in “#fest”, Appendix B. Note that since a
DFT, not a fast Fourier transform (FFT) algorithm is used, the computation times for

some data files may be excessive.

5.1.2 Example
The longitudinal dynamics of the Jetstream in the cruise will be used to demonstrate an
application of the DFT approach. Data file th111334 is a recording of the short period

and phugoid motion in response to transient inputs in the cruise configuration, starting

from an indicated trim airspeed of 150 ks, with the cg located at 235 %c . The dynamics
between the elevator deflection and the aeroplane response are assumed to be linear,
hence transient inputs are used in preference to sinusoidal inputs. The aim is to obtain a
frequency response estimate of the g/77 motion.

An example of the MAT, LAB™ syntax is contained in Appendix C, but roughly
speaking the steps required are as follows:-
a) Use “pro_lof” to perform the signal processing.

b) Decide on the maximum frequency required.

11



c) Use “tfest” to compute the magnitude, phase and frequency vectors.

In evaluating the results, it is helpful to have a knowledge of the expected frequency
response characteristics and the associated sign conventions; see [17] for more details.
For the example considered herein, one is looking for peaks in the gain curve (and
associated phase changes) corresponding to the phugoid and short period motion poles.
Gain and phase changes due to the numerator factors may also be visible. As an aside, it
is conventional to start the low frequency phase response from 0 deg, this invariably
requires a constant offset to be added to the phase curve.

The results are shown in Fig. 5. Considering the gain curve, the peaks due to the

phugoid and short period modes are clearly seen at frequencies of @, = 0.5 rad/s and

o, =3 rad/s respectively; the corresponding phase changes are also quite pronounced. In

addition, the effects of the 1/T,, numerator factor between @, and @, may also be

discerned. Since the minimum discrete frequency is inversely proportional to the length
of the time window, the steady state phase and the low frequency phase changes due to

the 1/7,, numerator factor cannot be seen.

Section 4 mentioned the transport delays inherent in the IRS signals. In theory, a
transport delay has unit magnitude and a phase lag proportional to the frequency in
radians per second [20]. Fig. 6 illustrates the effect of neglecting these on the elevator to
pitch rate frequency response estimates; if the delay is not removed, an additional phase
lag is present. This could of course lead to false conclusions being drawn about the

longitudinal dynamic characteristics.

5.2 A Parametric Identification Technique

If it is required to estimate the numerical parameters describing the aircraft motion (e.g.
the stability and control derivatives, the frequency and damping of the phugoid) then
parametric identification techniques must be employed. A wide variety of methods are
available to achieve this [9, 10]. The method used herein is an equation error formulation;
it is arguably the simplest of the parametric techniques, and an excellent description of

the underlying theory with applications may be found in [21].

12



In many respects equation error techniques have been superseded by more
sophisticated methods, although they are commonly used to provide start-up inputs to
more powerful algorithms.

5.2.1 Basic Theory

As an example, consider again the state space short period description of equation (1)

[17]:-
w z, Z,lw z
HeaRd MR

If the short period motion is recorded at a set of discrete intervals ¢ = #(0),#(1),....,#(n)

and if equation (9) holds, then at each point the following must also hold:-

w(0) = w(0)z, +4(0)z, + 7(0)z, +»(0)
4(0) = w(0)m, +q(0)m, + 7{(0)m, +v(0)

w(1) = w(D)z, +q(1)z, + 7(D)z, + (1) (10)
4(0) = w(D)m, +q(D)m, + m(Dm, +v(1)

w(n) =w(n)z, +q(n)z, + n(n)z, +v(n)
4(n) = w(n)m,, +q(m)m, + n(n)m, +v(n)

where, for example, w(n) is the value of w measured at time ¢ =#(n)and w(n) is the
corresponding measurement error. Since the stability and control derivatives are common

at all times, (10) may be reformulated as:-

(0] [0 ¢© 70 o o o 1 "gg;

g0 | [0 0 0 w0) g0 0 I s

W) | Iwl) ¢@) M) o o o - 38 (11)
d® =l o 0o o0 w1 q0) ) T

L m ] |

w(n) w(n) Q(n) 77(”) 0 0 0 v(n)

L4(n) | L0 0 0 wn) q(n nHn) ] =

Equation (11) is in the general form:-

z=HO+v (12)

13
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where @ is the vector of unknown derivatives. The parameter vector estimate, 6,
calculated using an OLS error criterion [21] is:- ,

6=[HH"Hz (13)

Equations (11) and (13) are implemented in “/s_sp”, Appendix B. This function

represents a very simple implementation, and as such the computation times for some

problems may be of the order of several minutes. There are two main ways of overcoming

this; implement a modified algorithm [21], or sub-sample the data. If choosing the latter

option, ensure that the thinned data has the same PSD characteristics as the original

filtered information.

5.2.2 Examples
Data file th105910 is a short period recording from the Jetstream in the landing

configuration. The g and wresponses to the pilot’s input are shown in Fig. 7.

An example of the MATLAB™ syntax is shown in Appendix C, but roughly speaking
the steps required are as follows:-
a) Process the data using “pro_spl”.
b) Calculate the parameter estimates using “Is_sp”.
For this data file, the resulting state and input matrices together with the standard errors
(in brackets) are:-

w] [-08423(00051) 532018 (01831)Tw] [201538 (03034) (14)
17 |- 00247 (00002) -15523(00071) | ¢ || -57813 (00118)|”

From Fig. 7 it may be seen that motion predicted by equation (14) agrees closely with the
measurements recorded in flight; furthermore, since the standard error estimates are
significantly smaller than the corresponding derivative estimates it may be concluded
that, in numerical terms, the identification process has been successful.

However, it is worth considering if the estimated derivatives have the correct sign
and a sensible magnitude; a knowledge of basic flight dynamics and a rough idea of what
to expect from the Jetstream simulation will provide a distinct advantage. Starting with

the stability derivatives, Cook [17] states that z, should be negative, and the aircraft

simulation suggests a magnitude of around 1/sec ; equation (14) is broadly in agreement.
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From simple theory, z should be positive (true for the flight case considered) and
approximately equal to the trim airspeed. In equation (14) z, is 53.2 m/s, or 106 kz; from

the flight records the trim airspeed is 1174f, so a reasonable agreement has been

obtained. Moving on to the pitch rate equation, both m, and m, should be negative (they

are) and their magnitudes are in broad agreement with simulated estimates.

Considering now the control derivatives, the z, estimates are significantly in
error. z, should be negative and approximately one third of the size indicated. The error

is not due to the relatively simple techniques used to obtain the state and parameter
estimates, since rather more complex methods involving the use of Kalman filtering and

maximum likelihood estimation [8] also produce z, estimates which are clearly wrong.
The answer lies in the physics of the problem, since z, influences only the initial part of

the short period response.
For example, when the elevator is deflected trailing edge up (negative), the increased
download at the tail initially causes the aeroplane to sink, thus creating a small

perturbation in w in the downwards (positive) direction; consequently z, should be

negative. Consider now what happens immediately after the aircraft sinks; the nose up
pitching moment due to elevator deflection causes the angle of attack to increase.
Assuming that the flight path is unchanged, the change in angle of attack increases the
overall lift, and therefore causes a perturbation in w in the upwards (negative) direction.

Therefore if the whole w time history is used to identify z, , the estimate will have the

wrong sign since it will appear that a negative elevator deflection produces a negative w

perturbation, suggesting a positive z, .
In practice, it is very difficult to identify z, from the flight recordings since the effect

is very small. Since the error in this estimate has only a small influence on the resulting
short period dynamics - the numerator zero is reduced by around 13% - the identified

value may be retained. Alternatively, a sensible value of z, may be fed into the

estimation process and the other derivatives calculated accordingly.
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Finally, the pitching moment due to elevator, m, should be negative (it is) and the

Jetstream simulation predicts a value of around -6 /5%, so a reasonable agreement has been
obtained.

In general, it is more useful to identify the state space equations and then convert to
other forms if required. For example, from (14) the elevator to pitch rate transfer function
is:-

q(s)  —57813(s +0.9286)
m(s) ~ (s* +2.3947s +2.6232

)rad/s/rad, 318%c (15)

and for another case at the same flight condition but at a different c.g. location:-

qls)  =59729(s +08979)
m(s) ~ (s? +2.6389s +4.1245)

rad|s/rad, 235%c (16)

If the general form of the transfer function [17] is then examined:-
a(s) m,(s=z.) _k(s+VT,) (17)

ns) [52 —(mq +zw)s+(quw —mee)] T s +2¢,0,5+ 0]

and compared with expressions (15) and (16) then any changes in the short period
characteristics as the cg moves aft may be traced to individual derivatives or
combinations thereof [22]; note that simply identifying the transfer function does not
offer this degree of visibility.

As an aside, consider the effect of neglecting the time delay in the IRSPfcRt signal,
Fig. 8. The least squares algorithm clearly under estimates the damping and the
corresponding stability derivative estimates will also be in error.

The same technique can be applied to estimating the coefficients of a full order

longitudinal model [17]:-
u

z, z, 2z, Zg|w| |z
1+ I (18)
q

0 0 1 O0}é&| |m

By following the derivation in Section 5.2.1, it is relatively simple to extend the results to
the fourth order identification problem. The algorithm is implemented in “Is_long”,
Appendix B.
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Using the short period and phugoid excitation file 4111334 the derivatives, together

with the standard errors (in brackets) are:-

a] [-05(01) 18(03) -39(167) -943(3)[u] [-4.64(36)
W -17(0) -76(0) 88.08(16) 137(03)|w| | 6218(33)
g7l -0 -07(0) -236(0) 0| q!T| —o7onf?
0 0() o0(0) 1(.02) 00|86 0 (.04)

Note that all elements and their errors have been rounded to 2 decimal places. If all of the
data points are used in the estimation process, the computation time for the above file is
around 35 minutes. Clearly this is excessive, but can be reduced to around 1 minute by
sub-sampling the data (by invoking ‘“reducel” within “pro_lof”) at 10 Hz. The
parameter estimates thus obtained are identical (to two decimal places) to those of
equation (19).

The estimated and predicted values of the motion variables are shown in Fig. 9. The
predicted short period variables, w and g, follow the measured values closely. In
contrast the phugoid variables are not as well matched, although the character of the
estimated responses is similar to the recorded values. The reasonableness of the
derivative estimates describing the phugoid may be assessed as discussed previously, but
there are several factors which limit the accuracy of the predicted values.

Firstly, equation (18) models only the airframe, and does not account for the influence
of the propeller/engine combination on the damping of the long period motion. As a

result, the magnitude of the x, estimate will be greater than expected from an analysis of

the airframe alone, since it effectively incorporates both engine and airframe effects. In
addition, the influence of the spring in the elevator control circuit is not considered; as the
speed varies, the balance between the spring and the dynamic pressure varies accordingly.
The elevator position will therefore be changing about its trim value, and the
corresponding phugoid motion will differ from that which would follow if the elevator
remained fixed at the trim position.

It may be seen from the #equation in (19) that the x_ derivative should be discarded

since the standard error is significantly larger than the estimate itself. Similarly, the error
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in x, is 78% of the magnitude of the estimate. In theory x,should be equal to g, but the

estimated value is slightly lower.

In Fig. 5 the elevator to pitch rate frequency response generated by (19) is compared to
that estimated using the DFT technique discussed earlier. Overall, the two methods
produce similar results, particularly at higher frequencies (above the phugoid). The
(relatively small) discrepancies observed at lower frequencies may arise for several
reasons:- firstly, the neglected dynamics in the parametric model; secondly the low
frequency resolution in the DFT estimate depends directly on the length of the time
window.

From the estimated state space model (19), the short period frequency and damping
ratio are 2.83 rad/s and 0.55 respectively. The phugoid values are 0.12 rad/s and 0.27,
although for the reasons discussed above, individual derivative estimates should be

treated with some caution.

5.3 Additional Comments

The preceding sections demonstrate that useful results can be obtained through the

application of filtering and some straightforward estimation techniques. It is possible

however to simplify the parametric estimation problem further by noting a few points:-

a) Intheory it is not necessary to estimate the elements of the @ equation.

b) Using the integral from of equations (9) or (18) removes the requirement to calculate
the rate of changes of the states, and thereby avoids the problem of working with
noisy differentiated signals. Promising results have been obtained using this

technique.

6. MAKING MORE USE OF THE BUILT-IN FUNCTIONS
Although the algorithms presented in Sections 4 and 5 are useful for gaining a basic
working knowledge of some parameter identification techniques, they do not necessarily

represent the most efficient or flexible way of achieving results.
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The aim of the following Sections is therefore to illustrate the use of some built-in
functions contained in the signal processing toolbox [13] and the system identification
toolbox [14].

6.1 Non-Parametric Frequency Response Identification
The signal processing toolbox function “/f” employs a fast Fourier transform (FFT)
algorithm to generate harmonic vectors from a given time series. It is therefore
computationally more efficient than the straightforward DFT algorithm employed by the
author’s “tfest” routine.

Function “tfest]” (Appendix B) employs “ff#” to produce estimates of the harmonic
vectors and hence the frequency response. It’s operation may be summarised as follows:-
a) Compute the harmonic components of the input and output signals using “fft”.

b) The ratio of the output to input gives the harmonic response in complex number form.
¢) Convert this to magnitude (dB) and phase (deg) .

d) Calculate the frequency vector.

For comparison purposes, calculate the elevator to pitch rate frequency response from
file th111334 using both “ffest]” and “tfest”. The former is substantially faster, but both
give identical numerical results (after applying the appropriate phase offsets) .

Alternatively, the system identification toolbox function “etfe” will give similar
results. This function calculates the gain and phase directly, and also allows the user to
perform a smoothing operation on the estimates. However, the character of the achieved
frequency responses are very sensitive to the value of this smoothing parameter. In
addition, although the frequency, gain and phase are estimated, they must be extracted
using another function “getff”. In the author’s opinion, there is little advantage to be

gained from the combined use of these implementations.

6.2 Parametric Identification Techniques
The system identification toolbox contains a large selection of algorithms for obtaining
parametric models from test data. Depending on the algorithm used, the model

parameters can be returned in discrete polynomial, continuous polynomial, discrete state-
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space, or continuous state-space forms. The default output argument of these functions is

the vector estimate of unknown parameters, @ , or theta format in MAT. LAB™

parlance.

The following paragraphs consider only a small subset which have been shown to give
reasonable practical results. Mathematical discussions are included to aid the user in
understanding how to gain the most from the functions, but the implementation of the
algorithms themselves is not considered. Example listings of the syntax are included in

Appendix C.

6.2.1 The OE Function

The “oe” function [x] models a discrete-time input/output relationship of the form:-

B(g)

y(t) = F—(C-I-)'u(t — nk) +e(t) (20)

where y(¢) is the output signal, u(¢)the input, nk the number of delays, and e(r) the

noise. B(q) and F (q) are the polynomials whose coefficients are to be estimated. If the

noise and the delays can be effectively removed using the techniques discussed

previously, then (20) reduces to:-

B(g) o)

) = #(g) 1)
Expanding the polynomials:-

B(g)=b, +b,g 7 +..4b,,g ™"

F (q) =1+ fig "+ frpq ™ @
and substituting (22) into (21) and cross multiplying:-

WO+ £1g7 O+ £,,q77 9(t) = buu(t) + b,g " ule)+-+b,,g " ult) (23)
Since g~ etc., are just delay operators, expression (23) may be written:-

W)+ it = Dot £, ot — nf ) = byule) + byt = 1)+-+b,,ult — nb +1) 24)

The coefficients [ fie fnf] , [bl---b,,b] are estimated by an iterative procedure, the basic

MATLAB syntax being:-
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th = oe(z,nn, maxiter, tol, lim, maxsize, T ) (25)
where z = [ y u] and nn= [nb nf nk]. To see how these are formulated, consider the

problem of estimating the short period dynamics:-

gls) kK (s+V1,,)
n(s) ~ s* +26,0,5+ 0]

(26)

In this case, z= [q 17], the matrix of pitch rate and elevator samples, but it is not
immediately obvious how nn is derived from (26). The relationship becomes clear if the
continuos transfer function is converted to discrete-time form (via a Tustin
transformation, for example):-

glz) Az +Bz'+C

n(z) T Dzt +Ez 4 F 27)
Cross multiplying equation (27):-
Dz%q(z) + Ez‘lq(z) + Fq(z) = Az n(z) + Bz 77(2) +C 77(2)
D, E, A, B C 28)
D)+ Ergle) +gle) = 2 ) + o 0le) + )
Now since z"¢(z) is simply g(¢ —n) , equation (28) can be rewritten:-
D E A B o
Za(t=2)+ 7 qle =) +q(e) = Tt ~2)+ Zrle 1) + ko) (29)

The components of the input argument can be deduced by comparing equations (29) and
(24), from whence nn= [320]. The remaining variables are effectively tuning
parameters, and their use is illustrated in Appendix C. Consequently, invoking “oe” with
the appropriate input arguments returns the estimates of the discrete polynomial
coefficients in theta format.

To examine the quality of the estimates, use the “present” command. This displays the
coefficients together with their standard deviations. NB:- the standard deviations should
be significantly smaller than the estimates; if they are comparable or greater, think again.

To convert from theta format to discrete transfer function form, invoke “#h2¢f”. Do not
simply copy the values output by “present” since these have been rounded off.

To convert the discrete transfer function to the continuous form of equation (26), use

the control systems toolbox “d2cm” function. This may result in a (spurious) second
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order numerator term. This is a numerical effect caused by the transformation, and the
coefficient is usually much smaller than those of the constant or first order terms. As such
it may be discarded. |

As an example, consider the short period excitation 2105910 discussed in Section

5.2.2. Following the above procedure, the estimated elevator to pitch rate transfer

function is:-
g(s)  —57217(s+12142) N
n(s) ~ s* +25556s + 31301 (31)

which appears to be a reasonable match with the previous approximation of equation

(15).

6.2.2 The PEM Function
The “pem” function may be used to estimate the parameters of a continuous time state
space model; it is essentially a multivariable implementation of “oe”. Although the
MATLAB™ syntax is straightforward, it is somewhat lengthy; see Appendix C for details.
Generally speaking, the steps required are as follows:
a) Define the unknown parameters (in this case the stability and control derivatives) in
state space form.
b) Define the initial conditions and the initial parameter estimates; the latter may be
obtained from the Jetstream simulation or from “Is_sp”.
c) Construct the matrix of measured states and inputs.
d) Using the results of a) through c), convert the parameter estimation problem to theta
format, and set the sample interval.
e) Invoke “pem” to compute the updated parameter estimates.
Using file th105910, the estimated state and input matrices are:-
[w] _ [— 09722  56.1436 ]{w} +[1 9.8583 ]ﬂ (1)
q -0.0262 -15222 | q —5.8092
The above are comparable to the estimates obtained by the much simpler “Is_sp”
function, equation (14). As far as the user is concerned, the justification for using a more
complex method is that the resulting parameter estimates should have better statistical

properties, e.g. lower standard deviations and a reduced bias. That may be the case, but
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note that the standard errors in equation (14) are already relatively small. In addition, the

value of z, predicted by “pem” is no more realistic than that calculated by “Is_sp”.

In making the above comparison, the aim is not to discourage the use of more
sophisticated (or even new!) techniques, since they can often encompass many more
aspects of the problem than the author’s functions are able to. Rather, the aim is to show
that the combination of basic signal processing and elementary identification theory can
produce reasonable practical results which are of comparable quality to those obtained by

more complex means.

7. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Recent research in the field of parameter identification (PI) at the College of Aeronautics

has produced some interesting work, but has not resulted in tools which may be used as a

matter of course for the solution of linear PI problems. Using stability and control data

recorded from Jetstream G-NFLC as an example, it is shown that the application of

elementary theory can produce practical tools which may be used by non-specialists.

More specifically:-

e The use of power spectral density methods in conjunction with zero-phase filtering
results in signals which are of sufficient quality to use in the estimation process.

e A basic discrete Fourier transform algorithm produces reasonable frequency response
estimates from flight data.

e A simple least squares equation error implementation produces acceptable parametric
models from flight data.

e Parametric and non-parametric models can be realised more quickly using built-in
MATLAB™ functions.

e As far as the linear PI problem is concerned, all of the required tools are available
commercially.
Concerning the last point, the algorithms implemented in [14] are derived directly

from the theory presented in [10]. In the author’s opinion, the simplest route to realising a

flexible, powerful tool which may be used on a daily basis is to investigate and document

the applicability of the functions contained in the system identification toolbox.
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Figure 1. Cranfield University Jetstream and Bulldog
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Appendix A

List of Data Files
File Comment Sample Configuration | Aircraft cg (%c)
Rate (H?) Mass (kg)
tul51817 short period 500 150 kts, cruise - -
tul51910 short period 500 150 kts, cruise - -
th105910 short period 50 115 &ts, - 31.8
landing
th111334 short period 50 150 kts, cruise - 23.5
+ phugoid

The incomplete table above is a prime example of bad practice; if you forget to record
mass and cg information, it might cause headaches at a later stage.
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reducel.m
pro_spl.m
pro_lofm
tfest.m
tfestl.m

Is sp.m

Is_long.m

Appendix B

Software Listings

Sub-samples a data set.

Short period signal processing.

Short period and phugoid signal processing.

Frequency response estimation using a discrete Fourier transform.
Frequency response estimation using a fast Fourier transform.

Short period motion stability and control derivative estimation using
simple least squares algorithm.

Short period and phugoid motion stability and control derivative
estimation using a simple least squares algorithm.
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