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In this work, a new approach for aircraft aerodynamic behavior identification by using virtual simulation is proposed. Both theoretical and
experimental aspects are presented. A simulation environment, Microsoft Flight Simulator, is used as the test platform. To make the
communication with this environment possible, a real-time interface that allows the read and/or write from and to the shared memory
layer of this flight simulator is developed. Using this interface, the virtual aircrafts sensors are read and the commands are written to the
inputs control (thrust, elevators, ailerons, trims, and rudder). Also, an identification of the aerodynamic coefficients’ derivatives using the
total least square technique is presented. The piloting law expression is toughly tied to those derivatives which are unknown and not
always available. The aircraft aerodynamic model is then used to calculate the aerodynamic coefficients. We determine the aerodynamic
performances of the wing which is based on the polar drag, the computation of the maximum lift-to-drag coefficient ratio and the
determination of the moment in which the aerodynamic stall phenomenon appears.

Keywords: Aerodynamic performance; adaptive differentiator sliding mode; virtual simulation platform; MicroSoft flight simulator uni-
versal inter-process communication FSUIPC; predator UAV; polar drag; total least squares estimation technique.
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1. Introduction maximum lift-to-drag coefficient ratio and the determina-
tion of the appearance moment of the aerodynamic stall
The use of aerodynamic coefficients for the characterization phenomenon. The drag polar is the rapport between the lift
of the behavior of an aircraft in flight remains one of the  and its resulting drag. It can be represented by an equation
oldest and most emergent research projects. Identifying  of the ratio of the lift coefficient to the drag coefficient, or
these coefficients is a complex and challenging task in the  just displayed as the so-called a polar plot diagram.
frame of aerodynamic modeling. To be able to estimate all
the aerodynamic parameters, the complexity of their
descriptions must be coherent with the application but also
with the available data [1-4].

The determination of the aerodynamic parameters from
free flight data can be formulated as a system identification
problem. In this paper, an identification procedure of the
aerodynamic coefficients’ derivatives using the Total Least
Square Technique (TLSE) is presented. A new approach for
aircraft aerodynamic behavior identification using virtual
simulation environment is proposed.

Also, the aerodynamic performances of the wing are
determined using the polar drag, the computation of the

2. Problem Statement

The main objective of this paper is to identify the aerody-
namic model of an aircraft flying in a virtual environment.

We use MicroSoft Flight Simulator (MSFS) as simulated
world environment coupled to a hardware and software
development platform. MSFS is developed by Microsoft,
with several simulated aircrafts included in its airplane li-
brary. We chose the Predator MQ1, a reconnaissance and
attack UAV (Fig. 1).

The main goal is to identify the aircraft aerodynamic per-
formances; and to do so, we propose the following approach:
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Fig. 1. UAV and environment visualization.

o Presentation of the system aerodynamic model;

e Development and implementation of the aircraft aero-
dynamic model;

e Determination of the aerodynamic performance of the
wing which is based on the polar drag, polar lift and the
determination of the moment in which the aerodynamic
stall phenomenon appears;

o Identification of the aerodynamic coefficients’ derivatives,
by means of the Total Least Square Estimation (TLSE)
technique;

o Flight tests.

3. MicroSoft Flight Simulator

MSES is a software developed by Microsoft. Its latest ver-
sions, Flight Simulators FS2004 and FSX, are considered as
a virtual environment dedicated to pilots.

The open architecture presented by MSFS is a very im-
portant aspect that makes possible its expansion by the
integration of new aircraft models (add-ons). It also enables
the development of external software and hardware mod-
ules communicating with the environment via Application
Programming Interfaces (APIs), interaction models or
communication protocols.

These software extensions are based on the use of Flight
Simulator Universal Inter-Process Communication (FSUIPC)
APIs for MSFS-2004 and SimConnect for FSX. The communi-
cation is interpreted by the possibility of the real-time reading
and writing in the MSFS virtual environment (see Figs. 2)
[5-7].

4. Characteristics of the MQ-1 Predator

We have a way in flight dynamic characteristics by means of
the Airwrench tool (mudpond.org/AirWrench/main.htm).
This software gives possibility of creating and adjusting
flight dynamics of the simulated plane models. This tool
uses aerodynamics formulas and dynamic flight equations.
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Table 1. MQ-1 predator simulated characteristics given by means
of the Airwrench tool.

Dimensions Moments of inertia

Length: 11.88 m

Wingspan (b): 14.84m

Wing surface area (S): 11.43 m?
Wing root chord (c): 1.55m
Aspect ratio: 19.27

Taper ratio: 0.10

Oswald efficiency factor: 0.680
Elevator area: 1.54 m?

Rudder area: 0.62 m?

Aileron area: 1.70

Pitch: Iyy = 1800.00

Roll: Ixx = 3700.00

Yaw: Izz = 1800.00
Cross: Ixz = 0.00

Control outputs for virtual

actuators Simulink/Matlab

Real time windows
target

SimulatorF$2004 <

/ Data flow \

Data from virtual sensors 1

Fig. 2. Block diagram of the software environment design.
It calculates aerodynamic coefficients based on the real
characteristics of the aircraft (Table 1).

AirWrench is a software tool for creating flight dynamics
for MSFS. It compiles a complete ‘air’ file used by the MSFS
based on the physical dimensions and performance speci-
fications of the real aircraft.

The flight dynamics of MSFS are defined in two files: a
binary file having the extension ‘air, and a text file named
‘aircraft.cfg’. AirWrench considers these two files as a single
flight dynamics file set.

5. Implementation of a Real-Time Interface Between
MSFS and the Module RTWT of Simulink/Matlab

We design our Software to interface the simulated aircraft
in Flight Simulator environment (read and/or write many
sensors, actuators data and parameters).

The FSUIPC dynamic library is used for the communi-
cation with FS2004. This library created by Peter Dowson is
downloadable from his website (www.schiratti.com/dow-
son.html). It permits external process to read and write in
and from MSFS by means of an InterProcess Communica-
tion (IPC) using a buffer of 64 Kbyte.

The applications that use FSUIPC are based on the fol-
lowing algorithm (see Fig. 3) witch we exploited to imple-
ment our programs in C++.

The documentation given with FSUIPC explains the or-
ganization of this buffer. To read or write a variable using
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Fig. 3. Communication algorithm using FSUIPC.

the FSUIPC, we need to know its offset address, its format,
and the necessary conversions. For example, the speed 1AS
(V) is read as a signed long S32 at the offset 002BC. Figure 4
shows the parameters used in our simulation.

To do this, we emulate the sensors through the following
steps:

o Set the timer’s sampling frequency Tj;
e Determine the FSUIPC address where sensor data begins
OFFSETminl[i];

Address Name Var. Type Size (octet) Usage
30B0 Roll rate (p) double B r;_;n‘
JOAR Pitch rate (q) double ] %"r
J0Bs Yaw rate (r) double -] ’:—‘”’
3060 Acceleration {ag ) double 8 fr,fs"’
J0GE Acceleration (my) double B Itjs®
3070 Aceceleration (ag) double 8 fff‘ai
2BC Indicated Air Speed (V') Int El Knot+ 128
2EDO Incidence (o) double -1 Radiarn
2EDS Incidence (7) double B Radian
OBB2 Elevator deflection (6. ) short 2 =-16383 to 416383
0BBG Aileron deflection (d,) short 2 -16383 to + 16383
OBBA Rudder deflection (8, ) short 2 -16383 to +16383
O8RC Thrust control (de) short 2 -16383 to 416383

Fig. 4. Flight parameters in the buffer FSUIPC.
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Fig. 5. Algorithm FSUIPC reading sensors data.

o Set the size of its data: SizeDatali];

o As shown in Fig. 5, the developed code in C + + performs
a scan to check if a “Timer” has reached its period. Then,
it reads the FSUIPC data related to the sensor (knowing the
memory offset), forms its packet and sends it using UDP.

6. Software in the Loop Methodology

We propose an environment framework based on a soft-
ware in the loop (SIL) methodology (Fig. 6) and we use
MSFS-2004 as a plane simulation environment.

This work is a real-time virtual simulation, we read or/
and write the desired parameters from and to MSFS
through the computer memory by using the FSUIPC library.

We start by running the MSFS and the interface that
communicates with the module RTWT of Simulink/Matlab.

In a first step, we used the predator. The take-off was
done using the keyboard. Then, we run our software to
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Fig. 6. SIL architecture.

transmit the control inputs to the autopilot controller in
order to maintain the desired trajectory.

7. Identification Procedure of Aerodynamic
Coefficients

The aerodynamic forces and moments depend on the fol-
lowing factors: angle of attack «, angle of sideslip S, de-
flection of directional control surface, deflection of lateral
control surface, Much number and Reynolds number [8-10].

7.1. Longitudinal aerodynamic forces and moments

All expressions for the longitudinal steady-states aerody-
namic forces and moments in matrix format are presented by

F,, ) —Cp.0.5
Foo | = |-L|=|-C.0S |, (1)
M M C,.0.5.c

V is the true airspeed m/s, p is the air density Kg/ m, Q =
0,5.p.V? is the dynamic pressure.

S is the wing surface area, D is the total airplane drag
force, L is the total airplane lift force, M is the airplane
pitching moment and c is the mean aerodynamic chord (m?).

The aerodynamic forces and moments coefficients Cp, C;,
C,, in matrix format are presented by

f1 T
«
Cp Cp, Cp, Cpiy, Cpg Cps, iy
Co|=1{C C. Cuy Coq G ||ge| @
Cm Cmo Cm,y CmiH Cmq Cmée 7
Lde |
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Cpo, C1p and C,,q are the total airplane drag, lift and pitching
moment coefficients, respectively, for a = iy = 6, = 0.

Cpo, C, and C,,, are the total airplane drag, lift and
pitching moment coefficients change with angle of attack at
iy =0,=0.

Cpi,» Cp, and Cps, or Cps, Cps, and Cp,;, are the total
airplane drag, lift and pitching moment coefficients change
with stabilizer or elevator angle ¢, at « = 0.

7.2. Lateral aerodynamic forces and moments

All expressions for the lateral steady-states aerodynamic
forces and moments in matrix format are presented by

I C.0.S.b
Fo| =165 |, (3)
N C,.Q.5.b

where [ is the total airplane rolling moment, F,, is the total
airplane aerodynamic side force, N is the airplane yawing
moment and b is the wing span.

5T
pb
C G, Cp Cyp Cs, Cp, 2V
G| = Gy Gp G G, Gy, ﬂ : (4)
Cy Co, Cup Cor Cus, Cps | | 2V
bq
Lo
The above equations can be transformed in the wind axe:
Cp = —Cy.cos(a)cos(f3)
—C,.sin() — C,.sin(a).cos(f),
C, = —C,.sin(a) — C,.cos(a), (5)
Cpw = —Cy.cos(a)sin(B3) 4 C,.cos(3)
— C,.sin(c).sin(5).

7.3. Structuring the aerodynamic data base
The aircraft sensor measurements are matched to the

aerodynamic coefficients through a mathematical model.

m{ay.cos(a)cos(B) + ay.sin(5)
+ a,.sin(a).cos(3)] — F,.cos(a)cos(3)

G = 0.5 ’
o m[—ay.sin(a) + a,.cos(a)] + F,.sin(a)
a QS ’ (6)
m[—ay,.cos(a)sin(G)
+ a,.cos(f) — a,.sin(a).sin(3)]
+F,.cos(a).sin(f)
G = 0.5 ’
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_ pJXX + qp'(lzz - Iyy) - (pq + r)'lzz

C
! Q.S.b ’

C. — Q'Iyy+r'p'(1xx_lzz)+(p2 _rz)'lxz_AFp (7)
m Q.S.c ’

C. — F-Izz + q'p'(lyy - Ixx) + (rq - p)Jzz
" Q.Sb :

where F, is the propulsion force expressed in the body
frame [9]:

cos(f)cos(a) K
F=F,| sin(3) |o= ]’/"", (8)
cos(f)sin(a) ‘

where V, is the aerodynamic speed, 7 is the turbo jet con-
stant and o, is the throttle position with a value between 0
and 1.

7.3.1. Estimated angular accelerations p, q and i using
adaptive differentiator sliding mode technique

The calculation of the aerodynamic coefficients C,, C,, and C,
from Eq. (7) requires knowledge of the angular accelera-
tions valuesw = [p ¢ #]". Therefore, none of the aircraft
sensors can provide angular accelerations signal p ¢ . To
estimate this signal, which is the derivative of the angular
velocity signal w=[p q r]T recovered from the gyro-
meter, a new version of the adaptive differentiators sliding
mode is proposed (see Fig. 7).

We propose the sliding mode surface from the
differentiator:

5=2y— w. (9)

The adaptive differentiator sliding mode is given by

2o = Vo,
Vo = z1 — K.s — Mo|s|Zsign(s), (10)
z = *;\1518“(5)7

where K > 0.

Estimated 10
|
parameters 3

1 P
o =|q
Vo #

Angular acceleration

Sliding mode surfac:
S=z0—w

Differentiations

B

Angular velocity

]

Fig. 7. Application of the adaptive differentiators for estimated
angular accelerations p, g et .
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Zy = [zop Zog Zgr] Tis the estimated input angular velocity
signalw=1[p q r]’.

7 = [z1p Zy4 er]Tbecomes equal to vy = [V, Voq
vor]T and then constitutes the estimate of the derived an-
gular acceleration signal w=[p ¢ i]|". So, we have
Z1 = Vg = w.

The dynamic adaptations of the gains 5\0 and 5\1 are
given by

Ao = |s|2.sign(s).s,

s./otsign(s)dt. (1)

>
=
|

For the adaptive differentiator sliding mode algorithm,
higher gains values A\; and A, may be used to improve ac-
curacy; however, this leads to an amplification of noise in
the estimated signals. A good equilibrium between these
two criteria (accuracy, robustness to noise ratio) is difficult
to achieve. On the one hand, these values must increase
the gains in order to derive a signal sweeping of
some frequency ranges. On the other hand, low gains values
have to be imposed to reduce noise amplification. So,
our goal is to develop a differentiation algorithm in order to
get a good compromise between error and robustness to noise
ratio. To fit this requirement, a new version of differentiator
with a sliding mode and a dynamic adaptation of the gains is
proposed.

7.3.2. Simulation’s result
The robust differentiator via sliding mode technique is
used to recover the desired signal. Several flight tests
were established to demonstrate the effectiveness of the
combined adaptative/differentiator.

The desired signal injected p and the output differ-
entiators are shown in Fig. 8.

We notice that the outputs of the differentiator z,, follow
the reference p perfectly.

The output differentiator z;, and signal v, are shown
in Fig. 9.

The signal z;, follows vy,. We notice that the sliding
mode surface s, is small (see Fig. 10).

The evolution of the A, is shown in Fig. 11.

7.4. Application of the TLSE technique for the aircraft
aerodynamic model

The TLSE technique is based on Singular Value Decomposition
(SVD). This presents the advantage of obtaining the best ap-
proximation of the augmented measurements’ matrix [A Y]
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by another matrix with the same dimension but with a lesser
large, where Y is the measurement vector defined as follows:
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- 01
0 0
0 ... 0
pb rb
— — 6, 6 0 0 O O O OO O O0 O
4= | oy 2y %
pb rb
00 0 0 O — = 6, 6, 00 0 0 O
s 2V o2y 4
pb b )
_0 o o o0 0 0O O 0 0 p v 3y Y 69_6“5

(13)

Another advantage of the SVD is its ability to calculate
an estimate of the invert of any matrix, whether it is singular
or not.

The application of the TLSE technique for the estimation
of aerodynamic coefficient’s derivatives is presented. We
summarize the method as follows:

Equations (2) and (4) can be represented using vector

and matrix notation:
Y =A.0, (14)

where © is the (21 x 1)-dimensional vector of system
parameters.

T
Y = [CD ¢ C, G Cy C,,} . (12) o — [CDO CDa Cnéa Cnér]~T (15)
and A4 is the (6 x 30) matrix defined as follows:
A=A Ao, Rewrite the linear model of Eq. (11) as
: g B}
1a iy 57 % 0 000 0000 0 0 4 Y][@}:O. (16)
000001ain—VC§Eooooo -1
Ay=]100 0 0 0 0 00 0 0 1 a iy q—VC be ; The relation between true values and measured data is
0 0 defined by the following equation:
0 S An Yul=[do Yol+[04y AVl (17)
0 ... 0 s
o5y | “I
3 |I| "'If
gain Iamdaap ;2 | |
""l‘l.-l
0.35 ' ""l
, =
““"r
0.25 [ [
) HJ ! ML |
o 02 T T N
g T i | all o4l m ’
T 08 ALALRRARIALLN Vy
0.1 "\
1| G I AN
500 _"IDIDD ‘I5IDD ZDIDD

N° samples

Fig. 11. Gain 5\0.
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where index m indicates the measurements, index 0 indi-
cates the true values, and A indicates measurement errors.

Equation (11) is valid for the true data but not valid for
the measured data:

[Ao Yo][?ﬂ =0,

18
e %] 40 "
The SVD of data matrix [4,, Y] is defined by
roy 0 ... o0
0 o,
g3
(4, Y,]=U VT,
0
0 o0 o
_ 0 _
(19)

where 01%=0,%= ... >=0,,17=0.

The last 0, indicates the Frobenius norm distance of
matrix [4,, Y, ]to the nearest rank deficient matrix.

The estimation of the minimum norm data correction
matrix and the corrected data matrix is presented in the
following equation:

[AA AY]
00 0 7
0 0
0
=U ' VT, (20)
0 0
0 ... 0 Ont1
L 0 _
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-0'1 0 ... ... 07
0 (o) '
g3
AY] v v
o, 0
0 .0 0
L 0 _

The estimated parameters [¢" -1] of the system must satisfy the
following equation:

A ?}T{@J o, (22)
Or

{91} =Aker{[A Y]}, (23)

where A is a scalar multiplier used to make the last element of
Vny1 equal to —1.

The kernel of matrix [A Y] equals the last right sin-
gular vector v, ;.

7.5. Simulation’s results

To determine the aerodynamic coefficients expressed in
Egs. (2), (4), (6) and (7), we have coded these equations as
block diagrams in a RTWT module of Simulink/Matlab.

The Figs. 12 and 13 show the measured and estimated
values of the longitudinal force coefficient C,, the vertical
force C,, and the pitching moment coefficient C,,.

A positive correlation indicates that as the values of one
variable increase, the values of the other variable increase,
whereas a negative correlation indicates that as the values
of one variable increase, the values of the other variable
decrease.

Correlation coefficient is a measure of association be-
tween two variables, and it ranges between —1 and 1. If the
two variables are in perfect linear relationship, the corre-
lation coefficient will be either 1 or —1. The sign depends on
whether the variables are positively or negatively related.
The correlation coefficient is 0 if there is no linear rela-
tionship between the variables.
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Fig. 12. Measured and estimated aerodynamic coefficients.

Finally, the goodness of fit the model can be expressed
in terms of a correlation coefficient between Y and Y.
This coefficient is usually referred to as the multiple cor-
relation coefficient whose square is

[Yest - Y] T[Yest - Y]

RE = v—v]T[y—v] (24)
where
1 & ,
Y = N Z Yest(l)' (25)

In general, the estimated values of Cyeg, Cpesr and Cpeq fit
well with the measured values. The total correlation
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Fig. 13. Aerodynamic coefficients derivatives.
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Table 2. Estimated aerodynamic coefficients.

Lift coefficients Drag coefficient

Cy, : 0.07 Cp, : 0.071
C, 0.2 Cp, : 0.007
Cyi, : —0.9098 Cpy, : 0.071
Ciq : —3.909 Cpq : 0.001
Cps,: —0.3727 Cps, : 0.009

Pitch coefficients Side force coefficients

Cpy = 0.07 G, : —0.4
C, : 5.21 Cyp : 0.043
Comi,  0.491 C,r : 0.049
Crng = —9.658 Cys, : 0.18
Cpns, = —0.758 Cys, : —0.02

Roll coefficients Yaw coefficients

C,, : 0.073 Cy, : 0.07
Cp : —0.401 Cpp : 0.06
Cy - —0.021 Cor: —0.2
Cis, : —0.301 Cps, : —0.3
Cis, - 0.026 Cps, : —0.028

coefficient R?, see Eq. (24), of the force and moment coef-
ficients is 0.8337, 0.9777 and 0.927, respectively.

We present some results of the obtained aerodynamic
coefficients derivatives.

The mean values of aerodynamic coefficients are given in
Table 2:

8. Aerodynamic Performance

The aerodynamic properties of aircraft wings are conducted
by analyzing the lift and drag coefficients Cp, C;.

8.1. Lift versus AoA

Theoretically, the lift curve shows a steady increase in the
coefficient of lift C; with an increase in the angle of attack «,
up to the stall angle of attack. Beyond the stall angle of
attack, the coefficient of lift decreases rapidly due to the
stall of the airfoil.

Figure 14 is obtained by changing gradually the Angle
of Attack (AoA) all over the flight, this procedure was
possible by using the built-in autopilot available on the
flight simulator. The flight tests then confirm that there is a
proportionality between the lift coefficient and the angle of
attack until the occurrence of the stall phenomenon. Beyond
the stall angle of attack ag,; = 7.29, the lift coefficient
decreases rapidly.
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Fig. 14. Lift coefficient at different AoA, polar curve.

8.2. Drag versus AoA

The parabolic drag polar for the wing alone is written as

Cp = Cpo + Ci (26)
Dm0 T Al

where 4 is the aspect ratio and e = ﬁ, 6= 0.
6 depends on the spanwise load distribution on the wing
and e is called the oswald efficiency factor. It is generally
obtained by plotting the total drag coefficient of the aircraft,
obtained through measurements or estimates, against the
square of the lift coefficient and fitting a straight line of
linear variation range. Its value is generally less than unity
and most researches on aircraft design recommend a value
of the e in the range of 0.7-0.85 for preliminary design[11].
Cp versus C;, curve can be drawn. This means that for a
given aircraft we can show how much drag is produced for a

Lift coefficient CL vs Drag coefficient CD, polar curve
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Polar curve obtained by the flight test.
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given lift at every angle of attack. This curve is called the
polar curve.

For the different test flights used on the flight simulator,
we obtained the polar curve shown in Fig. 15. Each point of
the polar curve is obtained for a given angle of attack and
shows the corresponding values of the coefficients of lift
and drag.

9. Conclusion

In this paper, a communication procedure with an aircraft
virtual model in a simulated environment and the imple-
mentation of the real-time interface between the MSFS and
the module RTWT of Simulink/Matlab have been presented.
After that, the implementation of the aircraft aerodynamic
model has been developed. Our solution uses the MSFS to
minimize the complexity in design process.

As application on this simulator, two works have been
presented, the first is reserved for the aerodynamic per-
formances proposed to the academic world. The aircraft
aerodynamic model is used to calculate the aerodynamic
coefficients. The determination of the aerodynamic perfor-
mances of the wing which are based on the polar drag, polar
lift and the determination of the moment in which the aero-
dynamic stall phenomenon appears have been presented.

The second work, which is reserved for the estimation of
the aerodynamic coefficients’ derivatives, has been pro-
posed to the research and development world, by means of
the total least square technique. The piloting law expression
is toughly tied to those derivatives which are unknown and
usually unavailable.

The flight tests demonstrate the effectiveness of this new
approach in identifying and evaluating the aircraft aerody-
namic performances.

This work could be used as a new pedagogic approach,
where the virtual simulation is employed to explore the
aspect of aerodynamic coefficients.
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