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Abstract

This paper presents the results of real time aircraft parameter estimation technology in an
aircraft real time simulator. The equation error Recursive Least Squares (RLS) method is used
for performing the parameter estimation. The RLS technique is successfully adapted for on-line
parameter estimation by a novel methodology that will work when measurements of state
derivatives are not available. Subsequently, the algorithm is implemented in Lab VIEW and
in digital signal processor (DSP) hardware to demonstrate its suitability for further imple-
mentation at flight test centers and for on-board parameter estimation for aircraft.
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Nomenclature

A = system matrix
B = control matrix
E{} = expectation operator
H = Filter transfer function
J = cost function
N = mtotal number of discrete observations 
P = covariance matrix 
t = time
p = number of unknown parameters
q = pitch rate in deg/sec
α = angle of attack in degs
β = unknown parameter vector
ε = equation error
λ = forgetting factor
δe = elevator control surface input
x(t) = state vector
y(t) = observation vector
Δt = sampling time
σ2 = equation error variance

Introduction

Real-time estimation of aircraft model parameters has
significant advantages for efficient flight-testing, flight
envelope expansion, and real-time monitoring for flight
safety. In addition, reconfigurable control techniques
based on parameter estimation require real-time estima-

tion of stability and control derivatives. The aerodynamic
stability and control derivatives are estimated using flight
measured input/output data in a recursive information-
processing scheme [1-4]. The attractive option of using
parameter estimation for gain/phase margins is covered in
references [4, 5]. Flight safety monitoring through neutral
point and maneuver point estimation can be accomplished
through parameter estimation [6]. The real-time estima-
tion of neutral and maneuver point can save flight test
time.

There are algorithms reported in open literature for
real time parameter estimation. The Kalman Filter (KF),
Upper Diagonalization Extended KF (UDEKF) and the
Extended Forgetting factor RLS (EFRLS) can be used for
real time parameter estimation [1,7]. These techniques
perform joint state and parameter estimation leading to
increased computational load. The EKF/UDEKF requires
suitable starting values and knowledge on noise covari-
ances. The least squares estimation using the recursive
Discrete Fourier Transform (DFT) can also be potentially
used for real time parameter estimation. This technique
exhibits comparatively slower convergence and requires
more number of Floating point Operations (FLOPS) per
cycle compared to Recursive Least Squares (RLS) [3].
The equation error RLS described in this paper is an
existing algorithm in signal processing domain. In the
present work, this algorithm is adapted for aircraft on-line
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parameter estimation. The proposed algorithm does not
require any starting values and noise covariances. It con-
verges comparatively faster and requires less number of
FLOPS than the DFT technique. It is sufficiently robust
for process and measurement noise [3]. This technique is
also found to be suitable for unstable and highly aug-
mented aircraft [3]. The RLS requires the accurate meas-
urements of states and state derivatives. The recent
advances in modern instrumentation technology make the
measurement of all aircraft state variables possible. The
state derivatives are computed on-line with the help of
digital filter that combines the role of a differentiator and
a low pass filter. Hence, this is a novel implementation of
well-established RLS in time domain. This approach can
also be extended for performing real time parameter esti-
mation in the absence of aircraft calibrated air data [4].
The problem of covariance wind-up might hamper the
performance of this algorithm when it is used for adaptive
control. A stabilization approach can be provided when it
is used for such applications [4, 8].

It is important that the on-line estimation capability of
the proposed algorithm be tested/demonstrated using real
time hardware to see if any real time implementation
issues arise, because the algorithm is to be subsequently
used for flight test related activities. Therefore, the RLS
is implemented in a Distributed PC based Engineer in the
Loop Simulator (DELS). The DELS is a real-time simu-
lator built by National Aerospace Laboratories (NAL),
Bangalore, for an unstable aircraft [9-11]. To achieve the
above goal, LabVIEW© (Laboratory Virtual Instrument
Engineering Workbench) software is also used. The mo-
tivation of LabVIEW© work is to propose a software tool
that can be used at the flight test centers for on-line
parameter estimation. Embedded software solution is an
attractive option to perform real time parameter estimation
on-board. Hence, the mechanization of RLS is carried out
in DSP hardware, using the simulated data. The aircraft
short period estimation is demonstrated on these platforms
as it plays a very important requirement for the applica-
tions mentioned earlier.

Equation Error Recursive Least Squares (RLS)

The aircraft longitudinal and lateral dynamics can be
approximated by the following continuous-time state vari-
able model:

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

x (0)  =  x0
y(t)  =  x(t) (1)

The discrete time observation can be represented as

Zi  =  yi + vi
i  =  1, 2 , … , N

where N is the total number of observations.

At any discrete time t = n, assemble

X  =  ⎡
⎣
x1 (n)  x2 (n) … xk (n) u1 (n) u2 (n) … uk (n)⎤⎦

Y  =  ⎡
⎣
x
.
1 (n)  x

.
2 (n) … x

.
k (n)⎤⎦

(3)

The state equation at any discrete time can be repre-
sented as

Y  =  X β + ε (4)

where β is the vector of unknown parameters to be
estimated, which contains the elements of system and
control matrices A and B and ε is the equation error.

X is obtained after filtering using the following IIR
filter

H  =  1
s2 + √⎯⎯2 s + 1

(5)

Y is obtained after filtering using the following IR
filter

H  =  s
s2 + √⎯⎯2 s + 1

(6)

Thus, the problem of parameter estimation in time
domain can be formulated as a standard LS regression
problem with the following cost function.

J  =  ∑ 
i = 1

N

   λN − i |ε (i) |2     i = 1 , 2 , … , N (7)

where λ is a positive constant close to 1, when λ equals
1 the method reduces to ordinary least squares. The use of
the weighing factor λ is intended to ensure that data in the
distant past are ‘forgotten’ in order to afford the possibility
of following the statistical variations of the observable
data when the filter operates in a non-stationary environ-
ment. Hence, this scheme is also known as exponentially
weighted recursive least squares.
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The unknown parameter vector β can be estimated
recursively using the following steps: Initialize the algo-
rithm by setting P0 = δ−1 I , where δ is a small positive
constant and

β̂0  =  0

For each instant of time, n = 1,2,..., N compute

πn  =  Xn  Pn − 1
κn  =  λn + π n  Xn

 T

kn  =  Pn − 1  Xn
 T ⁄ κ n

α n  =  Yn − ⎛
⎝
β̂n − 1  Xn

 T ⎞
⎠

T

β̂n  =  β̂n − 1 + (kn α n)
 T

P ′n − 1  =  kn πn

Pn  =  1
λ

 (Pn − 1 − P ′n − 1) (8)

here P is the correlation matrix. In addition, the covariance
matrix of β̂ is computed as

cov (β̂)  =  E ⎧⎨⎩ (β̂ − β) (β̂ − β) T ⎫⎬⎭ = σ2 P (9)

where σ is the equation error variance and it can be
estimated on-line using

σ
2  =  ⎡⎣(Y − X β̂ )T  ∗  (Y − X β̂ )⎤⎦ (10)

Fur thermore, the standard deviation of the estimation
er ror  for  the kth unknown of the ‘p’ parameters in β can
be evaluated as the square root of the (k, k)  main-diagonal
coefficient  of the covar iance matr ix. The standard devia-
tion allows an on-line assessment of the accuracy of the
estimated parameter. Hence, this technique does not re-
quire any prior knowledge on noise covariances.

Distributed PC based Engineer in Loop Simulator
(DELS)

The DELS includes the cockpit and the control stick,
pedals and throttle of that of a real aircraft. Visual cues are
provided by computer graphics. The ingredients of the
DELS are the following:
• A pilot’s station comprising the cockpit, the throttle,

the control stick, rudder and associated discrete
switches

•  A data acquisition system to convert the control inputs
to digital domain 

• Software module to solve the flight dynamics using
pilot inputs

• Visualization software and single window projection
system

• Executive software to enable linking all the ingredients
and to enable simulated flight.

Figure 1 shows the block diagram of DELS in a
distributed PC environment highlighting the real time
parameter estimation block within the flight model. The
flight model used in DELS is realistic as it incorporates
aerodynamic data, mass, center of gravity, fuel data, and
engine data of an unstable aircraft operating with highly
augmented control law.

Results and Discussion from DELS

The RLS is implemented in DELS using FORTRAN
programming language and its functionality is verified for
short period aircraft parameter estimation. In DELS, the
aircraft data is available at every 12.5 millisecond. IIR
filters are used to obtain X and Y signals described in eq.
(3) for solving the linear regression problem. The ‘s’
transfer function of IIR filters are converted to ‘z’ transfer
function using ’Tustin’ transformation. From the ’z’ trans-
fer function, difference equation is constructed for imple-
menting the filters. The desired flight condition (Mach,
altitude, fuel configuration, landing gear position and
atmosphere) is chosen for flying. The aircraft is trimmed
for straight and level flight and then the maneuver for
parameter estimation is performed by the pilot. The results
are presented for two flight conditions. The pilot input
along with convergence of parameters is shown in Fig.2.
The pilot input for flight condition-2 is shown in Fig.3
along with the convergence plots of parameters. It can be
noticed that the estimated parameters generally converge
to their true values as soon as the maneuver is over. The
results are tabulated in Table-1. The performance is evalu-
ated off-line using the following measure:

Parameter Estimation Error Norm (PEEN)

PEEN  =  
norm  (βt − β̂)

norm  (βt)
  ∗ 100 (11)

βt is the vector of true parameters and β̂  is the vector of
Estimated parameters. The PEEN for both flight condi-
tions are acceptable.
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On-line Parameter Estimation Using LabVIEW

The LabVIEW© is a graphical programming language
that incorporates virtual instruments that imitate physical
instruments such as oscilloscope, meters etc. LabVIEW©
contains three main components: the front panel, the block
diagram, and the icon/connector pane. LabVIEW© sup-
ports several low-level protocols that can be used for
communication between computers. It provides facility to
connect hardware for data acquisition. Hence, it is decided
to implement RLS in LabVIEW© that could certainly

yield a handy software to be used at the flight-test centers.
To validate the software, simulated data is used. Aircraft
data simulation is also accomplished in LabVIEW©. The
implementation and on-line estimation demonstration is
carried out in the following manner.

The data simulation program is made to reside in one
PC (Personal Computer) called data generation PC. The
VI (Virtual Instrumentation) block diagram for data gen-
eration is shown in Fig. 4. In the present work, the state
equations are actually implemented instead of using a

Fig.1 Block diagram of DELS

Fig.2 Convergence of estimated parameters 
(DELS, Mach = 0.8, altitude = 7000 meters)

Fig.3 Convergence of estimated parameters 
(DELS, Mach = 0.5, altitude = 3000 meters)
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readymade state space block available in LabVIEW©.
The demonstration assumes the availability of state meas-
urements. Hence, the output equations are not required to
be implemented. The front panel for this block diagram is
shown in Fig. 5. The front panel is designed to provide a
GUI (Graphical User Interface) for entering the aircraft
model parameter values for which, the data simulation is
intended. Since this is aircraft short period (longitudinal)
data simulation, pilot pitch stick input is to be required to
excite the short period mode. To accomplish this require-
ment, a dial instrument is placed in the front panel, which
can be adjusted to apply a pitch stick doublet input. The
minimum and maximum value of dial instrument can be
fixed at any desired value. The front panel is also designed
to have graphical plots for displaying the simulated air-
craft data.

Parameter Estimation PC

As previously mentioned the RLS algorithm is imple-
mented in LabVIEW and is made to reside in another PC
called parameter estimation PC. The block diagram for the
implementation of RLS using VI is shown in Fig. 6. The
implementation procedure of RLS in LabVIEW is shortly
given as follows:

• The control toolbox is used to implement transfer func-
tions, the mathematics toolbox is used to implement all
basic mathematical operations and the linear algebra
toolbox is used to implement matrix related operations.

• The transfer function blocks placed in the VI block
diagram are analog IIR filters represented by Eq. (5)
and (6).

• In the VI block diagram, the equation implementation
terminating with block denoted by ‘x0’ is the parameter
update equation; the equation implementation termi-
nating with block denoted by ‘p’ is the covariance
update equation.

• In Lab VIEW, there are differences between arrays and
matrices. Hence, after filtering X and Y signals from
the IIR filters, a block used for converting ’array to
matrix’ is used to convert all augmented signals into
matrices and then all subsequent computations are
performed. The same emphasis is insisted, whenever
there is a multiplication, transpose and inversion op-
erations.

• The front panel for this VI is shown in Fig. 7. The front
panel is designed to have indicators to observe the
estimated values of parameters. The indicators are
named as Estimated parameters (Z_alpha to M_deltae).
The front panel also incorporates on-line plotting facil-
ity for the estimated parameters. In this work, software
development is validated using simulated data and the
true values of parameters are plotted along with the
estimated values for checking the convergence of esti-
mation to true values in the front panel.

Communication Between PCs

In the present work UDP (User Datagram Protocol) is
used to establish the communication between the data
generation PC and parameter estimation PC. UDP pro-
vides simple, low-level communication among processes
on computers and is not a connection-based protocol such
as TCP (Transmission Control Protocol), where one needs

Table-1 : Results of estimation implemented in DELS
Aircraft Short Period

Parameters
True Values for Flight

Condition-1
Mach=0.8,

Altitude = 7000
meters

Estimated Values for
Flight Condition-1

True Values for Flight
Condition-2
Mach=0.5,

Altitude = 3000
meters

Estimated Values for
Flight Condition-2

Zα -0.8646 -0.778 -0.8281 -0.7326
Zq 0.9837 0.9852 0.9746 0.9626
Zδe -0.3465 -0.4051 -0.3427 -0.4300
Mα -5.5344 -5.5190 -2.6840 -2.2671
Mq -0.9984 -0.9543 -0.9562 -0.9292
Mδe -29.7336 -28.4191 -17.7674 -16.8797

PEEN 4.3559 5.4851
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to establish a connection with a destination before the data
is sent or received. In UDP, processes communicate by
sending datagrams to a destination computer or port. A
port is the location where the data is sent. IP (Internet
Protocol) handles the computer-to-computer delivery. Af-

ter the datagram reaches the destination computer, UDP
moves the datagram to its destination port. If the destina-
tion port is not open, UDP discards the datagram. In the
present work, the data generation PC is sending the aircraft
data and parameter estimation PC is the destination, where
data is received.

Results and Discussion of Estimation Using Lab-
VIEW

 The VI that performs the data generation and the VI
that performs parameter estimation are made to run simul-
taneously. At the data generation front panel the dial is
adjusted to give a pilot’s doublet pitch stick input. The data
generation PC acts like the aircraft plant. The short period
mathematical model has the following description:

⎡
⎢
⎣

α
.

q
.
⎤
⎥
⎦
  =  

⎡

⎢

⎣

⎢

⎢

Z α     Zq

M α     Mq

⎤

⎥

⎦

⎥

⎥
  
⎡
⎢
⎣

α
q

⎤
⎥
⎦
  +  

⎡

⎢

⎣

⎢

⎢

Zδe

Mδe

⎤

⎥

⎦

⎥

⎥
  δe (12)

Fig.4 VI Block diagram for data generation

Fig.5 VI Front panel for data simulation
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The front panel indicators show the aircraft model for
which the data is simulated as can be seen from Fig. 5.
This data is acquired by the parameter estimation PC
through UDP protocol and is fed to the algorithm. The
algorithm estimates the parameter as the data come in-
line. The variation of estimated parameters and their con-
vergence is observed in the front panel. The indicators
indicate the numerical values of estimated parameters.
The results shown by on-line plots and indicators are given

in Fig. 7. It can be noted that the estimated parameters
converge to their true values. The estimated results are
tabulated in Table-2. In the present work, the data is
assumed as real-time and analog signal. Hence, the IIR
filters are also implemented as analog filters. The analog
signal assumption does not require any information about
sampling time of incoming data. In reality, the aircraft
telemetry signals are sampled at definite sampling fre-
quency. However, this can easily be tackled in Lab-
VIEW© by discretizing the IIR filters. Instead of
continuous transfer function, discrete transfer function is
to be used to implement the filters. The discrete transfer

Fig.7 VI Front panel to visualize the on-line estimated results

Fig.6 VI Block diagram for RLS implementation

Table-2 : Results of estimation implemented in
LabVIEW

Aircraft Short
Period Parameters

True Values Estimated 
Values

Zα -0.5341 -0.5341
Zq 0.99 0.99
Zδe 0.056 0.56
Mα -7.74 -7.74
Mq 0.7173 0.7173
Mδe -11.3853 -11.3853

PEEN 0
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function can be found out from corresponding continuous
transfer function using the Tustin transformation. It can be
noted that the performance measure PEEN is 0. This may
be because of the use of direct analog signals without any
noise and of sufficiently high precision.

Mechanization of RLS in DSP Processor

In an aircraft to perform on-line parameter estimation
on-board, embedded environment is an attractive option,
as it requires less memory and occupies less space. Hence
in this work, RLS is mechanized in DSP hardware and its
functionality is validated using’ simulated data that will
show its suitability on embedded environment. The
TMS320C6711 DSP processor is used to accomplish the
above task.

Results and Discussion (RLS-DSP Implementation)

The Texas Instruments Code Composer Studio (CCS)
was used to generate the assembly code generation for the
DSP processor. The following are the steps followed in
creating a project in CCS:

• In code Composer StudioTM, create a folder for the
project.

• Copy the contents of CCStudio_v3.10\tutorial\tar-
get\PROJECT_NAME folder to this new folder.

• From the Project menu, choose New.

• In the Project Name field, type PROJECT_NAME

• In the Location field, browse to the working folder
created in step 1.

• In the Project Type field, select Executable (.out).

• In the Target field, select target configuration and click
Finish.

• The CCS program creates a project file called PRO-
JECT_NAME.pjt. This file stores project settings and
references and the various files used by the project.

The following types of file extensions are to be added to
the project:

.lib This library provides runtime support for the target
DSP chip.
.c This file contains source code that provides the main
functionality of this project.
.h This file declares the buffer C-structure as well as define
any required constants.

.pjt This file contains all of your project build and configu-
ration options.
.asm This file contains assembly instruction.
.cmd This file maps sections to memory.

The proposed RLS algorithm described under section
(Equation Error RLS) was programmed in C language
using CCS for real time parameter estimation. The aircraft
short period data simulation for the parameter estimation
was accomplished using the fourth order Runge Kutta
algorithm (RK4). The RK4 algorithm was also pro-
grammed in C language using CCS and it is a part the main
source code. The pilot pitch stick input was provided as
input to RK4 algorithm that in turn yields aircraft states.
The aircraft states together with control input goes into the
parameter estimation algorithm and the parameters are
estimated. There is also a facility to modify the application
in assembly language. In the present work there was no
necessity to do this as RLS along with RK4 met the timing
requirements according to the sampling frequency of the
pilot input. The pilot input was sampled at 10 milliseconds
and RLS along with RK4 was found to take 1.4 millisec-
ond. Also the CCS has inbuilt code optimization options
which rapidly increase the execution speed of an applica-
tion without requiring the developer to create or modify
assembly code. This optimization option was chosen so
that suitable level of performance is achieved without
needing to code in assembly.

The project for parameter estimation resides in the host
PC. The host PC was made to communicate with the
processor through the parallel port. A snapshot depicting
this is given in Fig. 8. The assembly code generated by the
CCS was downloaded to the processor and was made to
run in the processor. The results were collected at the host
PC. The parameters of the short period model described
below were estimated using the processor.

⎡
⎢
⎣
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.
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.
⎤
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  =  

⎡
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⎢
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M w     Mq
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⎥
⎦
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⎡
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⎣

⎢
⎢

Zδe

Mδe

⎤

⎥

⎦

⎥

⎥
  δe (13)

Graphs of 10-second time histories for the estimated
parameters are shown in Fig. 9. The ‘X’ axis unit in the
plot is to be multiplied with sampling interval to interpret
the time. On the left side of Fig. 9 the  numerical values
of estimated parameters are given under the variable name
BETA. It can be noted that the estimated parameters
converged to their true values and the algorithm shows its
feasibility in embedded environment. The results are tabu-
lated in Table-3, which shows acceptable PEEN.
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Conclusion

The paper proposes a well-validated and efficient real-
time aircraft parameter estimation technology through its
integration in a real time aircraft simulator. The software
development of the algorithm in LabVIEW© has shown

its feasibility to be used at the flight test centers for real
time parameter estimation. The LabVIEW© provides sup-
port for the hardware integration to acquire the ana-
log/digital signals for parameter estimation. These real
signals can be fed to the developed software for parameter

Fig.8 Snapshot of TMS320C6711 connected to the host PC

Fig.9 Results obtained from TMS320C711

Table-3 : Results of estimation implemented in
DSP Hardware

Aircraft Short
Period Parameters

True Values Estimated 
Values

Zα -1.4249 -1.4249
Zq -1.4768 -1.4768
Zδe -6.2632 -6.2632
Mα 0.2163 0.2163
Mq -3.7067 -3.7067
Mδe -12.7840 -12.7840

PEEN 0.0862
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estimation in place of the data simulation part described
in this paper. The mechanization of the proposed algo-
rithm in TMS320C6711 processor shows its capability to
be implemented for on- board applications in an aircraft.
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