
November 13, 2020 8:0 2˙US-D-20-00021R1

Unmanned Systems, Vol. 0, No. 0 (2020) 1–15

© World Scientific Publishing Company

A New Nonlinear Control Design Strategy for Fixed Wing Aircrafts
Piloting

A. Hamissia,, K. Busawonb, L. Dala c, Y.Bouzida,, M. Zaouchea,, M. Hamerlain d

aCSCS Laboratory, Polytechnic Military School
Bordj el Bahri Algiers 16111, Algeria
E-mail: aicha.hamissi.2@gmail.com

b Professor, Department: Mechanical and Construction Engineerin
Northumbria University, Newcastle upon Tyne, UK

c Head of Department: Mechanical and Construction Engineerin
Northumbria University, Newcastle upon Tyne, UK

d Center for Development of Advanced Technologies, Research, Technology and Society
Cite 20 aout 1956 Baba Hassen, Algeria

This paper proposes a novel nonlinear feedback control strategy for velocity and attitude control of fixed wing aircrafts. The key
feature of the control design strategy is the introduction of a virtual control input in order to deal with the underactuation property
of such vehicles and to indirectly control the orientaion of the aircraft. As such, the proposed strategy consists of three control
loops each realising a specific task. Simulations are carried out by using the jetstream-3102 aircraft in a real-time virtual Simulation
Platform for the development of Aircraft Control Systems (SP-ACS). The proposed approach of control is based model for that we
have introduces an identification part before test and validation. We use the Total Least Squares Estimation technique (TLSE) to
identify the aerodynamic parameters, which are unknown, variable, classified. Each aerodynamic coefficient is defined as the mean
of its numerical values. All other variations are considered as modeling uncertainties that will be compensated by the robustness
of the piloting law. Simulation results on Jetstream-3102 aircraft show very good performance in terms of convergence towards the
desired reference trajectories and in terms of robustness with respect to modeling uncertainties.
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1. Introduction

Defining proper control strategies for aircraft control is es-
sential to avoid fatal accidents. The most common fatal
accidents are: loss of control in flight, controlled flight into
terrain and runway excursion during approach and land-
ing. For this reason, it is imperative to adopt a proper
control strategy of attitude and speed of aircrafts.1 In gen-
eral, when designing a controller, the control system de-
signer, usually based its design on the mathematical model
of the aircraft and used appropriate mathematical tools to
demonstrate the convergence or robustness properties of
the controller. In this regards, many control design strate-
gies has been proposed for attitude and speed in the pres-
ence of both modelled and unmodelled uncertainties and
by using different methods such as linear quadratic con-
trol,1 feedback linearization technique,23 and,4 eigenstruc-
ture assignment,5,6 H∞ robust control,7,8 dynamic inver-

sion,9,10 backstepping11and sliding mode control, to men-
tion a few. Traditional flight control systems use PID con-
trol with scheduled gains. It is well-known that this ap-
proach is very important and convenient for conventional
aircrafts of the second and third generation. However, gain
scheduling suffers from the inherent deficiency of relying on
time-invariant linear models based on small perturbations
of the full nonlinear aircraft model at a particular point
in the flight envelope. In addition, the dynamic properties
deteriorate when the scheduling parameters, such as speed
and pitch angle, change rapidly over the small time inter-
vals (see eg.,912 and,1314).

However, it is not always wise to choose one control de-
sign method based on the mathematical description of the
system rather than another because it may not be possible
Practical meaning. In effect, in1 it is shown that it is impor-
tant to consider the aircraft as an energy system, whereby
the energy gain or loss is distributed into the kinetic and the
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potential energy of the aircraft. This translates into the fact
that it is not possible to control the thrust independently
to the rudder, elevator and the aileron deflections. Also, it
is important to realise that aircraft systems are underac-
tuated systems. This means that there are less actuators
than the degrees of freedom, meaning that it is not always
possible to control some variables of the aircraft directly
using the available actuators.

Indeed, the aircraft is a twelve (12) order system with
four (04) actuators. The twelve 12 state variables are:

• X = (x, y, z)T ∈ R3 which is the aircraft position ex-
pressed in the earth fixed reference frame RE ;
• W = (u, v, w)T ∈ R3 is the inertial speed vector ex-

pressed in the body reference frame RB ;
• Φ = (φ, θ, ψ)T ∈ R3 are the Euler angles describing the

orientation of the aircraft relative to RE ;
• Ω = (p, q, r)T ∈ R3 the angular velocity of the aircraft

expressed in the body fixed reference frame

The four (04) control variables are:

• U = (δa, δe, δr)
T ∈ R3 where δa, δe, δr, are the aileron,

elevator and rudder deflections respectively and
• FT which is the thrust force due to the propulsion sys-

tem.

The dynamics of the angular velocity Ω and the inertial
speed vector W are directly affected by the control U and
FT , while the position X and the orientation Φ are not.
Instead, X and Φ are coupled with W and Ω respectively.
On the other hand, since four (04) inputs variables can only
control four (04) states variables, one must find judicious
ways to affect and indirectly control the rest of the state
variables.

In this paper, we propose a novel strategy for ve-
locity and attitude control of an aircraft based on the
above considerations. For this, we first reduce the model
of the aircraft by considering the norm of the inertial speed
V = ‖W‖2 = WTW rather than its individual components.
In that case, the model is reduced to a systems of ten (10)
variables. Next, the pilot has to ensure that the aircraft
does not stall. For this, we have to ensure that the deriva-
tive of the position X does not escape to infinity. There-
fore, the non-stalling condition reduces to ensuiring that
V ≤ M. As the result, the aircraft model can be reduced
to an 8th order. The input variable FT is used to track a
reference speed trajectory Vref . Next a virtual control Ωv is
introduced to indirectly control the orientation Φ towards a
desired reference trajectory Φref . This is a crucial point in
the design strategy since Φ is not directly affected any real
actuators as mentioned above. The input U is then used
to steer Ω towards a desired reference trajectory Ωref . An-
other key point in the design strategy is that the reference
angular velocity Ωref is chosen in such a way that it permit
the virtual control input to track the desired orientation.
The derived controller U is dependent on the control FT en-
suring indirectly a natural distribution between the kinetic
and potential energy of the aircraft. As such, three (03)-

control loops are designed each realising a specific control
objective. Furthermore, the three control loop are design
so as to make sure that the aircraft does not stall. This is
measured by ensuring that ‖Ẋ‖ remain bounded. The pro-
posed control strategy is model-based, where the aerody-
namic coefficients define the behavior of the aircraft in the
flight range and throw out the dynamic model, which are
unknown, variable and classified. For this reason, knowl-
edge of different aerodynamic coefficients turns out to be
of great importance for the development of control laws.

In general, these coefficients determined through wind
tunnel testing, analytical methods or system identifica-
tion.15 Latter provides a method for developing dynamic
system models and identifying their parameters. System
identification is the determination of a model describing the
relationship between its inputs and outputs; this model is
able to predict a future response given the input.16 In the
field of aircraft control the following definition17 has been
widely adopted to describe system identification: “Given
the system responses, what is the model? ”. Within the field
of Aeronautics our equivalent system takes the form of a dy-
namic model consisting of stability and control derivatives
which characterise the aircraft under investigation. In this
work to deal with the identification of aircraft aerodynamic
coefficients, based on our previous work18,20,21 we adopt
the Total Least Squares Estimation technique (TLSE).
TLSE use the Singular Value Decomposition (SVD), it has
the interesting propriety of giving the best approximation
of the augmented measurement matrix, by another matrix
with the same dimension, but with a lesser range, in the
sense of the least squares. In addition to the dimension re-
ducing propriety, the SVD has the advantage of being able
to estimate the invert of any matrix, whether it is square
or rectangular, and most of all, whether it is singular or
not. We applied TLSE technique to the aerodynamic co-
efficients identification problem and each aerodynamic co-
efficient derivative is defined as the mean of its numerical
values. All other variations are considered as modeling un-
certainties that will be compensated by the robustness of
the piloting law. The performance of the proposed con-
trol design is evaluated using the jetstream-3102 aircraft
in a real-time virtual Simulation Platform for the develop-
ment of Aircraft Control Systems (SP-ACS), latest was de-
veloped in our previous work,18,20.21 The obtained results
prove the effectiveness of the proposed control strategy. It
is shown that the autopilot delivers a very good perfor-
mance in terms of convergence towards the desired refer-
ence trajectories and in terms of robustness with respect to
modeling uncertainties.

The main contributions of this work can be sum-
marised in five (05) points given as follows:
(i) In the developed nonlinear feedback control strategy for
velocity and attitude control of fixed wing aircrafts, first,
we reduced the model of the aircraft by considering the
norm of the inertial speed V = ‖W‖2 = WTW rather than
its individual components. Next, the non-stalling condition
reduces to ensuiring that V ≤M , as the result, the aircraft



November 13, 2020 8:0 2˙US-D-20-00021R1

A New Nonlinear Control Design Strategy for Fixed Wing Aircrafts Piloting 3

model can be reduced to an 8th order.
(ii) The key feature of the control design strategy is the
introduction of a virtual control input in order to deal with
the underactuation property of such vehicles and to indi-
rectly control the orientation of the aircraft.
(iii) Also, we consider the aircraft as an energy system, the
derived controller: rudder, elevator and the aileron deflec-
tions is dependent on the thrust control ensuring indirectly
a natural distribution between the kinetic and potential en-
ergy of the aircraft.
(iv) We deal with the aerodynamic coefficients identifica-
tion by means of the Total Least Squares Estimation tech-
nique (TLSE).
(v) Finally, the simulation and the validation of the devel-
oped autopilot is carried out through a Simulation Plat-
form of Aircraft Control Systems (SP-ACS), which is an
environment framework based on Software In the Loop
(SIL) methodology and we use Microsoft Flight Simula-
tor (FS2004) as the environment for plane simulation.
This paper is organized as follows: in the next section, the
dynamic model of a fixed wing aircraft is introduced. In
Section three (03), the autopilot design methodology is il-
lustrated. The identification procedure are introduced in
Section four (4). In section five (05) the SP-ACS and sim-
ulation results of the identification are given and the per-
formance of the proposed design methodology is shown via
simulation using a Jetstream-3102 aircraft flight in the SP-
ACS. Finally, some conclusions are drawn in section (06).

Fig. 1. Jetstream-3102 aircraft withe the referential frames
configuration.

Notations: Throughout this paper, the following no-
tations are employed:
- Cθ = cos (θ) , Sθ = sin (θ); Tθ = tan (θ);
- All matrices are denoted with bold uppercase letter;
- The supescript ’T ’ denotes the transpose of a matrix.

2. Aircraft aerodynamical model

In what follows, a brief description of the main features
of the aircraft is introduced as well as its dynamic model.
The system structure is presented and a model reduction is
performed in order to facilitate the development of a speed

and attitude control design. The considered aircraft is a
British Aerospace (Jetstream-3102), which is a fixed wing,
twin turboprop aircraft as illustrated in Fig.1. This type of
aircraft has as control inputs the throttle setting command
(δth), and the deflection angles of the three control sur-
faces: elevator (δe), ailerons (δa) , and rudder (δr) (see FIG
1).18 The wing surface area s, the wingspan b, the mean
aerodynamic chord c̄, and the mass m of the aircraft are
considered to be constant and their values are given in the
Table 1.

Table 1. Parameters of Jetstream-3102

Parameter Symbol Value Unit

Mass m 6890 lbs
Length L 28.88 ft
Wingspan b 46 ft

Wing surface area S 280 ft2

Wing root chord c̄ 6.5 ft

There are several works, in the literature, that deal with
aircraft modelling (see e.g.,2425). The main difference be-
tween the modelling of a fixed wing aircraft compared to a
rotating wing one lies in their distinct aerodynamics coeffi-
cients and the type of the propulsion employed. Hereafter,
we recall the major modelling aspects of a fixed wing air-
craft. As shown in Fig.1, the roll–pitch–yaw convention are
adopted using the Euler angles Φ = (φ, θ, ψ)T .18 The forces
F and moments MG acting on the aircraft at the center of
gravity are issued from three major sources: gravity (FG),
engine thrust (FE) and aerodynamic forces (FA);18 that is

F = FG + FE + FA (1)

MG = ME +MA (2)

The gravitational force FG is directed along the normal of
the earth plane and is considered constant over the attitude
envelope. More precisely,

FG = mgζ (3)

where

ζ = (−Sθ SφCθ CφCθ )
T

(4)

and g is the acceleration due to gravity. The trust force FE
is written in the body frame reference as

FE = Fprop

(
cosβm cosαm

sinβm
cosβm sinαm

)
δth (5)

where Fprop is the max engine propulsion force, δth is
throttle setting command, αm and βm are the pitch
and yaw setting respectively. For small angles, we have

FE = [Fprop(cosβm cosαm)δth, 0, 0]
T

or equivalently FE =

[FT , 0, 0]
T

, with FT = lδth and l = Fprop(cosβm cosαm).
Throughout this work, we assume that αm = 0.0349rad
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and βm = 0.02rad so that l is constant. Using Newton-
Euler convention, in the body-fixed reference frame the
force and aerodynamic moments is given as:

F = m
dW

dt
+ Ω×W (6)

MG =
d(IGΩ)

dt
+ Ω× IGΩ (7)

where IG is the moment of inertia, Ω = (p, q, r)T is the
angular velocity of the aircraft and W = (u, v, w)T is the
inertial speed vector of the aircraft. The aerodynamic force

FA = (Fx, Fy, Fz)
T = pas(Cx, Cy, Cz)

T (8)

where pa = 1
2ρV is the aerodynamic pressure with ρ be-

ing the ambient air density and V = WTW aircraft veloc-
ity and Cx, Cy, Cz are the aerodynamic coefficients given
as,22,23:18

Cx = Cx,0 + Cx,1α+ Cx,2α
2 + Cx,3q

c√
V

+Cx,4δa + Cx,5δe + Cx,6δr + Cx,7FT
Cy = Cy,0 + Cy,1β + Cy,2β

2 + Cy,3p
b

2
√
V

+Cy,4δa + Cy,5δe + Cy,6δr + Cy,7FT
Cz = Cz,0 + Cz,1α+ Cz,2α

2 + Cz,3q
c√
V

+Cz,4δa + Cz,5δe + Cz,6δr + Cz,7FT

(9)

Note that the above coefficients are given up to a second or-
der Taylor approximation in the side-slip angles and up to a
first order Taylor approximation in the control inputs. Now
as the influence of the of δa and δr are minimal in the x-
direction, we assume that Cx,4 = Cx,6 = 0. By a similar rea-
soning and taking into account physical structural consid-
eration, we have Cy,2 = Cy,5 = Cz,2 = Cz,4 = Cz,6 = 0.18

Hence, the above expression simplifies into:
Cx = Cx,0 + Cx,1α+ Cx,2α

2 + Cx,3q
c√
V

+Cx,5δe + Cx,7FT
Cy = Cy,0 + Cy,1β + Cy,3p

b
2
√
V

+ Cy,4δa
+Cy,6δr + Cy,7FT

Cz = Cz,0 + Cz,1α+ Cz,3q
c

2
√
V

+ Cz,5δe + Cz,7FT
(10)

From equations (1), (3) and (6), the dynamics of the iner-
tial speed, W, is given by

Ẇ = R1(Ω)W + gζ +
1

m
FA +

1

m
B0FT (11)

with U = (δa, δe, δr)
T

R1(Ω) =

(
0 r −q
−r 0 p
q −p 0

)
, B0 =

(
1
0
0

)

By developing equation (11) become

Ẇ = R1(Ω)W + Ψ + B2U +
1

m
B3FT (12)

where Ψ = gζ + Ψ̃ with

Ψ̃ =
ρsV

2m

Cx,0 + Cx,1α+ Cx,2α
2 + Cx,3q

c√
V

Cy,0 + Cy,1β + Cy,3
pb

2
√
V

Cz,0 + Cz,1α+ Cz,2q
c√
V



B2 =
1

2
ρsV

(
0 Cx,4 0

Cy,3 0 Cy,4
0 Cz,3 0

)
, B3 =

1

2
ρsV

(
Cx,5 + 1
Cy,5
Cz,4

)
In other words,

FA = mΨ̃ +mB2U +m (B3 −B0)FT (13)

The propulsive forces can also create moments if the thrust
does not act through the aircraft center of gravity. We as-
sume the engine is mounted in such a way that the thrust
point lies in the body axes xz-plane and offsetted from the
center of gravity by ZTP in the body-axes z-direction so
that ME = (0, FTZTP , 0)T . The moments caused by aero-
dynamic forces MA and aerodynamic moments coefficients
are given by:18

MA =
1

2
ρsV (bCl, cCm, bCn)T (14)

where Cl, Cm and Cn are given by a first order Taylor
approximation in the various variables involved the aero-
dynamic moments coefficients as well as taking in account
the physical constraints:18

Cl = Cl,1β + b
2
√
V

(Cl,2p+ Cl,3r) + Cl,4δa + Cl,5δr

Cm = Cm,0 + Cm1α+ c
2
√
V

(Cm,2α̇+ qCm,3) + Cm,4δe

Cn = Cn,1β + b
2
√
V

(rCn,2 + pCn,3) + Cn,4δa + Cn,5δr
(15)

It is important to note that the above two Taylor approxi-
mations in the aerodynamic moment and coefficients leads
to modeling errors and uncertainties on the systems param-
eters. Consequently, we get:

Ω̇ = γ(Ω)+
1

2
ρsVP1Π (Ω,W )+

1

2
ρsVP1B1U+P2FT (16)

where:

γ =

 q(a1p+ a2r)
a5pr − a6(p2 − r2)

q(a8p− a1r)

 ,P1 =

(
a3 a4 0
0 0 a7

a4 a9 0

)

Π =


b
(
Cl,1β + b

2
√
V

(Cl,2p+ Cl,3r)
)

c
(
Cn,1β + b

2
√
V

(rCn,2 + pCn,3)
)

b
(
Cm,0 + Cm,1α+ c

2
√
V

(Cm,2α̇+ qCm,3)
)


P2 =

(
0

a7ZTP
0

)
,B1 =

(
bCl,4 0 bCl,5
cCn,4 0 cCn,5

0 bCm,4 0

)
The dynamics of the aircraft position X = (x, y, z)T , is
given by:18

Ẋ = R0(Φ)W (17)
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with

R0(Φ) =

(
CθCψ SφSθCψ − CφSψ CφSθCψ + SφSψ
CθSψ SφSθSψ + CφCψ CφSθSψ − SφCψ
−Sθ SφCθ Cθ

)

In the earth fixed reference frame, the rotational velocity
is described by the variables φ̇, θ̇ and ψ̇. However, in the
body-fixed frame, the rotational velocity is described by
roll p, pitch q and yaw rates, r. The relation between those
two sets of variables are given by:

Φ̇ = Γ (Φ) Ω (18)

and

Γ (Φ) =

1 TθSφ TθCφ
0 Cφ −Sφ
0

Sφ

Cθ

Cφ

Cθ


In summary, the dynamical behavior of the aircraft model
using Newton–Euler convention, is given by:18

Ẋ = R0W

Ẇ = R1W + Ψ +B2U + 1
mB3FT

Ω̇ = γ + 1
2ρsVP1Π + 1

2ρsVP1B1U + P2FT
Φ̇ = ΓΩ

(19)

where we have dropped the arguments for simplicity of no-
tations.

3. Autopilot design methodology

The main aim of the present work is to design an autopilot
in order to track a desired attitude and velocity in spite of
modeling errors and/or uncertainties on parameters that
can affect the aircraft model. For this, one has first to
make some observation about the aircraft systems’ struc-
ture. From the above equations (19), one can see that the
system possesses the structure as illustrated in Fig 2, where
for simplicity, we have denoted:{

g(.) = R1W + Ψ +B2U + 1
mB3FT

f(.) = γ + 1
2ρsVP1Π + 1

2ρsVP1B1U + P2FT
(20)

TW W(.)W g

0( )X R W 

( )   

(.)f 

TF

U V

X





W

Fig. 2. System structure

As mentioned in the introduction, it can be observed
that the dynamics of angular velocity Ω and inertial speed
W are directly affected by the control inputs U and thrust
force FT while the other two variables X and Φ are not.
The dynamics of the Φ and X are indirectly affected by
the actuators U and FT through their tight coupling with
Ω and W . Now, it is well-known that the four (04) inputs
variables U and FT can only control four (04) states vari-
ables. Therefore,we need to find judicious ways to indirectly
control the rest of the state variables. For this we start by
reducing the model of the aircraft given by (19) by taking
into account the practical consideration of piloting. In ef-
fect, the pilot does not control the individual components
of the velocity but rather its magnitude or norm:

V = WTW = ‖W‖2 (21)

The dynamics of V is given by:

V̇ = 2WT Ẇ

= 2WT

(
R1W + Ψ + B2U +

1

m
B3FT

)
Since R1 is skew-symmetric, we have WTR1W = 0, so that

V̇ = 2WTΨ + 2WTB2U +
2

m
WTB3FT (22)

Next, the pilot has to ensure that the aircraft does not stall.
For this, we have to ensure that the derivative of the posi-
tion X does not escape to infinity. As a result, we impose
the following condition:

‖Ẋ‖2 ≤M (23)

where M > 0. Note that since R0 is an orthogonal matrix
(i.e. RT

0 = R−1
0 ), we have

‖Ẋ‖2 = ẊT Ẋ = WTW = V (24)

Therefore, the non-stalling condition reduces to ensuiring
that V ≤ M. As the result, the above aircraft model can
be reduced to an 8th order system described by:

‖Ẋ‖2 = V

V̇ = 2WTΨ + 2WTB2U + 2
mW

TB3FT
Ω̇ = γ + 1

2ρsVP1Π + 1
2ρsVP1B1U + P2FT

Φ̇ = ΓΩ

(25)

Based on the above observations, we adopt the following
design strategy, which is also illustrated in Fig 3:

• First, we introduce a virtual control Ωv to control the ori-
entation Φ towards the desired reference trajectory Φref .
We refer this controller as Controller 1 as depicted in Fig
3.

• Next, we use the input variable FT to design a controller
to track a given speed trajectory Vref . This is Controller
2 in Fig 3.

• Finally, we employ the input U is to steer Ω towards a
given reference trajectory Ωref ; which is chosen in such a
way that it permit the virtual control input to track the
desired orientation Φref . This is referred to as Controller
3 Fig 3.
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In what follows, we detail the development of each con-
trollers.

3.1. Design of Controller 1

Let Φref = (φref , θref , ψref )
T

be the desired orientation.
We consider Ω as a virtual control input that we re-
name as Ωv. Our objective is to steer Φ = (φ, θ, ψ)T to
Φref = (φref , θref , ψref )T using the virtual control input
Ωv since Φ is not directly affected by the real actuators.
We have equation (18):

Φ̇ = ΓΩv

we seek for a controller of the form:

Ωv = −Γ−1K0Φ + Γ−1u1 (26)

where K0 = diag(k0,1, k0,2, k0,3) is a gain matrix with
k0,i > 0, i = 1, 2, 3 and

u1 = Φ̇ref + K0Φref (27)

is an additional control that is chosen such that Φ→ Φref
as t→ +∞. In other words,

Ωv = −Γ−1K0 (Φ− Φref ) + Γ−1Φ̇ref (28)

Under the above virtual control, the closed-loop system
simplifies to:

Φ̇− Φ̇ref = −K0 (Φ− Φref ) (29)

By setting eΦ = Φ − Φref , one can see that ėΦ = −K0eΦ

which shows that eΦ(t)→ 0 when t→ +∞. We have there-
fore to make sure that Ω(t)→ Ωv when t→ +∞. This will
be realised by Controller 3 subsequently.

3.2. Design of Controller 2

Consider again the dynamics of V ; that is:

V̇ = 2WT (Ψ + B2U) +
2

m
WTB3FT (30)

Equivalently, we can write:

V̇ − V̇ref = −V̇ref + 2WT (Ψ + B2U) +
2

m
WTB3FT (31)

where Vref = WT
refWref = ‖Wref‖2 is a desired time-

varying speed. We choose the aerodynamic and thrust
forces such that:

−V̇ref +
2

m
WTB3FT = −l1 (V − Vref )− Vref (32)

where l1 > 1. That is,

FT =
1

2
mW

TB3

(
V̇ref − l1 (V − Vref )− Vref

)
(33)

Note that

WTB3 =
1

2
ρV s (u v w )

(
Cx,5 + k
Cy,5
Cz,4

)

=
1

2
ρV s [u (k + Cx,5) + vCy,5 + wCz,4] 6= 0.

Then in closed loop we have:

V̇ − V̇ref = −l1 (V − Vref )−Vref + 2WT (Ψ + B2U) (34)

Setting eV = V − Vref , we have

ėV = −l1eV − Vref + 2WT (Ψ + B2U)

≤ −l1eV − Vref +
∣∣2WT (Ψ + B2U)

∣∣
By using the Cauchy-Schwarz inequality, we get

ėV ≤ −l1eV − Vref + ‖W‖2 + ‖Ψ + B2U‖2

≤ −l1eV − Vref + V + ‖(Ψ + B2U)‖2

since V = ‖W‖2. Consequently,

ėV ≤ − (l1 − 1) eV + ‖Ψ + B2U‖2 (35)

It is therefore clear that if ‖Ψ + B2U‖2 is bounded, one
can choose l1 large enough so that eV (t) → 0 asymptoti-

cally when t → +∞. The boundedness of ‖Ψ + B2U‖2 is
ensured by Controller-3 hereafter.

3.3. Step 3: Design of Controller 3

The purpose of Controller 3 is to make sure that Ω tracks
Ωv as t→ +∞. This will be done using the control input U .
Consider again the angular velocity equation from system
(25):

Ω̇ = γ +
1

2
ρV sP1Π +

1

2
ρV sP1B1U + P2FT (36)

which can be equivalently written as

Ω̇−Ω̇v = −Ω̇v+γ+
1

2
ρsVP1Π+

1

2
ρsVP1B1U+P2FT (37)

Proceeding as before, we impose

Ω̇− Ω̇v = −Ω̇v + γ +
1

2
ρsVP1Π +

1

2
ρsVP1B1U + P2FT

= −η (Ω− Ωv)

with η > 0. Then,

U =
1

1
2ρsV

(P1B1)
−1
[
Ω̇v − η (Ω− Ωv)

−P2FT −
1

2
ρsVP1Π− γ

]
(38)

In closed-loop, we have

Ω̇− Ω̇v = −η (Ω− Ωv) (39)
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Set eΩ = Ω− Ωv, then

ėΩ(t) = −ηeΩ(t) (40)

so that

eΩ(t) = e−ηteΩ(0) (41)

From this we can see that eΩ(t) → 0 when t → +∞. In
other words, Ω→ Ωv when t→ +∞.

Remark 3.1. Note that to further improve the conver-
gence of the controller, one can add an integral term in the
controller so that

U =
1

1
2ρsV

(P1B1)
−1
[
Ω̇v − η (Ω− Ωv)

+η

∫
(Ω− Ωv) dt− P2FT −

1

2
ρsVP1Π− γ

]
(42)

so that in closed-loop we have

ėΩ(t) = −ηeΩ(t)− µ
∫
eΩ(t)dt (43)

Summary of result: To summarise, we can state that
under the following control laws:

Ωv = −Γ−1K0(Φ−K−1
0 Ω) (44)

U =
1

1
2ρsV

(P1B1)
−1
[
Ω̇v − η (Ω− Ωv)

−P2FT −
1

2
ρsVP1Π− γ

]
(45)

FT =
1

2
mW

TB3

(
V̇ref − l1 (V − Vref )− Vref

)
(46)

Φ̇ref = −K0Φref + Ωv (47)

where

• l1 > 1, η > 0 and K0 = diag(k0,1, k0,2, k0,3) is a gain
matrix with k0,i > 0, i = 1, 2, 3

• Ωv and Vref are the desired orientation and speed re-
spectively,

the aircraft overall closed-loop system (48) converges to-
wards the desired trajectories Φref and Vref while avoiding
stalling condition:
‖Ẋ‖2 = V

Ω̇ = Ω̇v − η (Ω− Ωv)

Φ̇ = Φ̇ref −K0 (Φ− Φref ) + (Ω− Ωv)

V̇ = V̇ref − l1 (V − Vref )− Vref + 2WT (Ψ + B2U)
(48)

TW W(.)W g

0 ( )X R W 

( )    

TF

U
V

X



W

Controller 
2

refV 
V

v
( )    

(.)f v Controller 
3 U









v

ref Controller 
1

Fig. 3. Control design architecture

4. Aerodynamic coefficients identification

The aerodynamic coefficients given by equations (15, 9)
define the aircraft’s behaviour over flight range throw the
dynamic model given by equation(19), which are unknown,
variable and classified. For that the knowledge of the dif-
ferent aerodynamic coefficients turns out to be of great im-
portance for the development of control law. In this paper
to deal with the identification of aircraft aerodynamic co-
efficients, based in our previous work,20,21 we adopt the
Total Least Squares Estimation technique (TLSE). TLSE
is based on the use of the SVD decomposition, it has the
interesting propriety of being able to estimate the invert of
any matrix, whether it is square or rectangular, and most of
all, whether it is singular or not.26 The expression of aero-
dynamic coefficients equations 15 and 9 can be represented
using vector and matrix notation as flow,

Y = AΘ (49)

where Y6×1 is the the dimensional vector of the variable to
be explained, A6×32 is the dimensional matrix of explana-
tory variables, and Θ32×1 dimensional vector of system pa-
rameters where:

Y = [Cx, Cy, Cz, Cl, Cm, Cn]
T
6×1

A = [A1, A2, A3, A4, A5]
T
6×32

Θ = [ Θ1 Θ2 Θ3 Θ4 Θ5 ]
T

1×32

with:

Θ1 = [Cx,1 Cy,1 Cz,1 Cl,1 Cm,1 Cn,1 ]
T

Θ2 = [Cx,2 Cm,2 ]
T

Θ3 = [Cx,3 Cy,3 Cz,3 Cl,2 Cl,3 Cm,3 Cn,2 Cn,3 ]
T

Θ4 = [Cx,5 Cy,4 Cy,6 Cz,5 Cl,4 Cl,5 Cm,4 Cn,4 Cn,5 ]
T

Θ5 = [Cx0 Cy,0 Cz,0 Cm,0 Cx,7 Cy,7 Cz,7 ]
T
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A1 =


α 0 0 0 0 0
0 β 0 0 0 0
0 0 α 0 0 0
0 0 0 β 0 0
0 0 0 0 α 0
0 0 0 0 0 β

 , A5 =


1 0 0 0 FT 0 0
0 1 0 0 0 FT 0
0 0 1 0 0 0 FT
0 0 0 1 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0



A2 =


α2 0
0 α̇ c

2V
0 0
0 0
0 0
0 0

 , A4 =


δe 0 0 0 0 0 0 0 0
0 δa δr 0 0 0 0 0 0
0 0 0 δe 0 0 0 0 0
0 0 0 0 δa δr 0 0 0
0 0 0 0 0 0 δe 0 0
0 0 0 0 0 0 0 δa δr



A3 =


q c

2V 0 0 0 0 0 0 0
0 p b

2V 0 0 0 0 0 0
0 0 q c

2V 0 0 0 0 0
0 0 0 p b

2V r b
2V 0 0 0

0 0 0 0 0 q c
2V 0 0

0 0 0 0 0 0 r b
2V p b

2V


Rewriting the linear model of equation (49) as:

[A |Y ]

[
Θ
−1

]
= 0 (50)

The singular value decomposition of [A |Y ] is:

[A |Y ] = UΣV T (51)

for n = 32, m = 6 and d = 1: Σm×(n+d) =
diag(σ1, ..., σn+d) , σ1 > ... > σn+d be the singular val-
ues of [A |Y ], and define the partitioning:26

V : =

n[
V11

V21

d

V12

V22

]
n
d
,Σ: =

n[
Σ1

0

d

0
Σ2

]
n
d

The total least squares solution is given by:26

Θ̂tlse = −V12V
−1
22 (52)

this solution exists if and only if V22 is non-singular. In ad-
dition, it is unique if and only if σn 6= σn+1. In what flow
we give the basic total least squares algorithm.26

Algorithm 1 Basic total least squares algorithm

Input: A ∈ Rm×n and Y ∈ Rm×d
Compute the singular value decomposition :
[A |Y ] = UΣV T

if V22 is nonsingular then

set Θ̂tlse = −V12V
−1
22

else
Output a message that the problem as no solution and stop.
Output: Θ̂tlse a total least squares solution of Y ≈ AΘ

Communication 
interface

External environment
Simulink/MATLAB

Simulation environment:
MSFS2004

Joystick
Simulation results

Fig. 4. Simulation Platform of Aircraft Control Systems (SP-
ACS).

5. Simulation results

In this section we introduce, firstly, the employed Sim-
ulation Platform of Aircraft Control Systems (SP-ACS),
then we present the aerodynamic coefficients identification
results. Finely, the simulation and the validation of the
developed autopilot is carried out firstly using a MAT-
LAB/Simulink model for Jetstream-3102 aircraft given in
Figure 7, this model use the aerodynamic coefficients esti-
mated by TLSE for autopilot parameters tuning. Secondly
the validation was carried out in a the SP-ACS for trajec-
tory tracking.

5.1. Simulation Platform of Aircraft Control
Systems (SP-ACS)

Since it is very complicated and difficult to access real test
and evaluation systems, we resort to simulation tools in or-
der to validate the performance of the designed controller.19

For that reason, we have realized in our previous work20,21

a system-level Simulation Platform for the development of
Aircraft Control Systems(SP-ACS). The SP-ACS, as illus-
trated in Figure 4, is composed of three parts:
(i) Simulation environment: we use a commercial Flight
Simulator(MSFS2004) developed by Microsoft. This simu-
lator includes several simulated aircrafts in its library which
are piloted by test pilots and they demonstrate that the
flight simulation are very close on their usual flights with
the real aircrafts.
(ii) External environment: This environment is
built using Real Time Windows Target module of
Simulink/MATLAB. In this environment the different air-
craft control laws are implemented.
(iii) Communication interface: This is a real time
interface that was implemented between the simulation
environment (MSFS2004) and the external environment
in order to read and write the sensors, actuators data
and parameters. By exploiting IPC (Inter-Process Com-
munication) using a buffer of 64ko, the dynamic link li-
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brary called FSUIPC.dll (Flight Simulator Universal Inter-
Process Communication)27 allows external applications to
read and write in and from MSFS2004. To read and write a
variable, one needs to know its address in the FSUIPC ta-
ble, its format, and the necessary communications. For ex-
ample, the indicated air speed is read as a signed long(S32)
at the address (0x02BC). The elevator deflection δe is read
and write as a signed long (S16) at the address (0x0BB2).

5.2. Identification results

In this section we present the aerodynamic coefficients iden-
tification results based on TLSE technique. Using the Sim-
ulation Platform of Aircraft Control Systems (SP-ACS),
the investigation aircraft is the jetstream-3102, the piloting
controls are sent by using the PPjoy (virtual joystick), sev-
eral flight tests were conducted by changing the simulation
parameters (speed, weather, time of day, ...). Figures Fig.5
and Fig.6 present some results of aerodynamic coefficients
derivatives. They are function of the time and their values
are around the intrinsic values. The obtained estimation of
aerodynamic coefficients derivatives by TLSE, are defined
as the mean values of those coefficients given in Table 2.

0 100 200 300 400 500 600
time  [s]

-0.075

-0.07

-0.065

-0.06

-0.055

-0.05

-0.045

-0.04

-0.035

-0.03

-0.025

C x,
0

Fig. 5. Aerodynamic coefficients derivatives Cx,0.

0 1000 2000 3000 4000 5000 6000 7000
time  [ms]

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C l,1

Fig. 6. Aerodynamic coefficients derivatives Cl,1.

5.3. Autopilot parameters tuning

In this section we investigate the autopilot parameters
(η,K0, l1) tuning for a fixed references (attitude and speed),
for that we start by using a MATLAB/Simulink model
for the investigated aircraft (jetstream 3102) before work-
ing with the Simulation Platform of Aircraft Control Sys-
tems (SP-ACS). Using the identification parts results this
model was developed, as illustrated in Fig.7, to reproduce
the aerodynamic behavior of the aircraft. Simulation re-
sults are carried out corresponding to roll, pitch and yaw
angles and the reference speed respectively as: Φref =

(φref , θref , ψref )
T

= (1.5, 0.2, 1)
T

and Vref = 80[m/s].

Fig. 7. The developed Jetstream-3102 aircraft model.

0 50 100 150 200 250 300 350

time  [ms]

0.2

0.4
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0.8
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Fig. 8. Tracking of roll angle φ.
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Fig. 9. Tracking of pitch angle θ.
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Fig. 10. Tracking of yaw angle ψ.

Figures: Fig.8, Fig.9, Fig.10 and Fig.11 shows the tracking
results for respectively roll (φ), pitch(θ), yaw (ψ) angles
and speed, for the choosing gains: η = 1500, l1 = 250 and
K0 = diag(150, 20, 200).
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Fig. 11. Speed V tracking.
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Fig. 12. Control surfaces deflection.

According to the obtained results after several simulation
we make the following observation:

• The parameter η affects the rise time of the system and
at the same time the amplitude of the overflow. A large
value of η reduces the rise time and increases the over-
flow. Therefore, the choice of these gains is based on a

trade-off between reduction of the rise time and the over-
flow.

• The parameter K0 affect the tracking precision of atti-
tude. Therefore, one have to make a compromise between
precision, rising time and overflow.

0 200 400 600 800 1000 1200 1400 1600 1800

time  [ms]

0

500

1000

1500

2000

2500

F T 

Fig. 13. Thrust force (FT ).

5.4. Autopilot evaluation in Simulation
Platform of Aircraft Control Systems
(SP-ACS)

To carry out the simulations in the Simulation Platform of
Aircraft Control Systems (SP-ACS), we first run the Flight
Simulator FS2004 and the interface with the Real Time
Windows Target module of Simulink/Matlab. The aircraft
taking off was carried out using the Joystick. Then, we run
our software to transmit the control outputs (δa, δe, δr and
FT ) calculated by the designed autopilot in order to track
the desired velocity and attitude references.
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0

0.1
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0.7

0.8

  [
ra
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Fig. 14. Tracking of bank angle (φ).

The references are the speed V expressed in [m/s], the atti-
tude (Φ) expressed in [rad] collected from a simulated flight
in the (SP-ACS). To satisfy the actuators bounds, the in-
put signals to the upper and lower saturation values of the
control laws are used and a scaled functions are added to
respect the virtual Joystick (PPjoy) bounds: upper limit is
62767, lower limit is 1.
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Fig. 15. Tracking of pitch angle (θ).

For the model, the different aerodynamic coefficients used
in equations (10) and (15) are listed in Table 2. Notice that
the aircraft aerodynamic model contain a singularity when
θ = π/2 where the terms tg(θ) and sec(θ) are infinite. Such
conditions occur in aerobatic maneuvers where the aircraft
loops or climbs at a near vertical angle.
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Fig. 16. Tracking of heading angle (ψ) tracking.
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Fig. 17. Tracking of speed (V ).

To overcome these problems, the pitch angle can be con-
strained so that the computation results in a valid floating-
point number; for example, tan(89.5) = 114.6 and this
value can be used in computations when the pitch attitude

is between 89.50 and 90.50. The numerical error introduced
by this approximation only occurs at this extreme flight at-
titude where its effects on the aircraft behavior may not be
apparent. The developed autopilot was tested for trajec-
tory tracking purpose. For that we use a reference attitude
and speed signal from a recorded flight. The latter is sub-
divided into three different flight phases: the first phase is
an accelerated level flight, the second one is an accelerated
climb and the last one is a turn.

Fig. 18. Simulation and real trajectory.

(i) Accelerated level flight: lasts for a duration of [0,
290]s, in this flight phase bank and heading are zero with
the pitch variations being small and the speed is increas-
ing. The developed autopilot generate an increasing thrust
control signal allows the motors to generate the necessary
force FT (Fig.22) which allows speed tracking, at the same
time the aileron deflection is small and rudder deflection
are zero because this control signals are not used in this
flight step only elevator deflection (Fig.20) is used to track
the pitch angle.
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Fig. 19. Ailerons control surface deflection (δa).
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(ii) Accelerated climb flight: lasts for a duration of [290,
640]s, in this flight phase, the controller reduce the thrust
signal and increase the elevator deflection to increase pitch
angle and at the same time reduce speed that allow the
aircraft to make a climb. After some time the controller re-
duce elevator deflection to reduce pitch angle that correct
the altitude and increase the thrust to track the increas-
ing longitudinal speed. (iii) Turn: Finally, to make a turn
lasts for a duration of [780, 1200]s, the controller reduce
the thrust control signal to compensate the altitude lost
and generate an aileron deflection signal that create a bank
angle that allow the aircraft to turn and change the head-
ing. Fig.14, Fig.15, Fig.16 and Fig.17 illustrate the desired
and realised bank, pitch, heading angles and longitudinal
speed respectively. One can see clearly that the developed
controller allow a good tracking with some errors. The con-
troller output aileron (δa), elevator (δe) and thrust(FT ) sig-
nals are depicted in Fig.19, Fig.20 and Fig.22 respectively.
The rudder deflection (δr) Fig.21 signal is zero because it
is used only for landing and taking off. We can see that the
controller outputs are realisable and respect the actuators
limits constraints. The developed autopilot allow the air-
craft to track a desired trajectory by means of attitude and
speed tracking as illustrated in Fig.18. In the last phase of
the flight we notice a loss of altitude mainly caused by the
error in the speed tracking.
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Fig. 20. Elevator control surface deflection (δe).
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Fig. 21. Rudder control surface deflection (δr).

According to the obtained results we make the following ob-
servation: This strategy of control give a good tracking of
attitude references but to the detriment of the speed control
as shown on Fig.17. This is normal since the convergence is
asymptotic rather than exponential. The asymptotic con-
vergence of the speed is not critical in practice. In fact, it
is more important to have a precise and exponential con-
vergence of the orientation rather than the speed.

100 200 300 400 500 600 700 800 900 1000
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F T

Fig. 22. Thrust force calculated by autopilot (FT ).

6. Conclusion

In this paper we have proposed a new nonlinear feedback
control design methodology for velocity and attitude con-
trol. For this we first reduce the aircraft model so that its is
suitable for the specific control design objective. The pro-
posed strategy consists of three control loops each realising
a specific task. The key feature of the control strategy is
the introduction of a virtual control input in order to cater
for the underactuation property of such vehicles. After the
reduction of aircraft model, the input variable FT is used
to track a reference speed trajectory Vref . Since Φ is not
directly affected any real actuators, a virtual control Ωv is
introduced to indirectly control the orientation Φ towards a
desired reference trajectory Φref , this is a first crucial point
in the design strategy. Another key point is that the refer-
ence angular velocity Ωref is chosen in such a way that it
permit the virtual control input to track the desired orien-
tation. The derived controller U is dependent on the control
FT ensuring indirectly a natural distribution between the
kinetic and potential energy of the aircraft. As such, the
three (03) control loop are design so as to make sure that
the aircraft does not stall. This is measured by ensuring
that ‖Ẋ‖ remain bounded.

The effectiveness of the developed autopilot for atti-
tude and longitudinal velocity tracking was demonstrated
on a Jetstream-3102 aircraft flying in a real-time virtual
Simulation Platform for the development of Aircraft Con-
trol Systems (SP-ACS). We have introduces an identifi-
cation part based on the Total Least Squares Estimation
technique (TLSE)to identify the aerodynamic parameters,
which are unknown, variable, classified and used in the ex-
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pression of the piloting law. Each aerodynamic coefficient is
defined as the mean of its numerical values. All other vari-
ations are considered as modeling uncertainties that was
compensated by the robustness of the piloting law. Simu-
lation results show very good performance in terms of con-
vergence towards the desired reference trajectories and in
terms of robustness with respect to modeling uncertainties.
Finally the methodology developed here can be easily ex-
tended to other underactuated mechanical systems.

Table 2. Jetstream-3102 Aerodynamic coefficients derivatives.

Coef Description Value

Cx,0 Fx force at zero angle of attack and sideslip −0.055
Cx,1 Fx force due to the angle of attack −0.48
Cx,2 Fx force due to the angle of attack variation 0.85
Cx,3 Fx force due to the angular velocity q −0.76
Cx,5 Fx force due to elevator deflection −0.78
Cx,7 Fx force due to the Thrust force 0.89
Cy,0 Fy force at zero angle of attack 0.05
Cy,1 Fy force due to sideslip angle 0.03
Cy,3 Fy force due to the angular velocityp 0.21
Cy,4 Fy force due to aileron deflection −0.15
Cy,6 Fy force due to rudder deflection 0.054
Cy,7 Fy force due to the Thrust 0.42
Cz,0 Fz force at zero angle of attack 1.74
Cz,1 Fz force due to the angle of attack 0.17
Cz,3 Fz force due to the angular velocity q −0.305
Cz,5 Fz force due to elevator deflection 0.01
Cz,7 Lift due to Thrust 0.1
Cl,1 Roll moment due to the sideslip angle 0.073
Cl,2 Damping from angular velocityp 0.1
Cl,3 Roll moment due to angular velocity r −0.097
Cl,4 Roll moment due to aileron deflection −0.22
Cl,5 Roll moment due rudder deflection 0.024
Cm,0 Pitch moment 0.1
Cm,1 Pitch moment due to the angle of attack 0.1
Cm,2 Pitch moment du to angle of attack variation 0.1
Cm,3 Damping from angular velocity q 0.1
Cm,4 Pitch moment due to the elevator deflection 0.1
Cn,1 Yaw moment due to the side slip angle −0.39
Cn,2 Yaw moment due to angular velocityr 0.048
Cn,3 Yaw moment due to angular velocity p 0.042
Cn,4 Yaw moment due to aileron deflection −0.1
Cn,5 Yaw moment due to the rudder deflection −0.2
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