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Abstract
The technological advances, mainly in the development of new materials, recovered the interest in the application of morphing wings in aircraft. Due to the potential of replacing
conventional control surfaces by morphing surfaces, the present work presents the modeling of aerodynamics, dynamics and control design of an aircraft with morphing wings. The
morphing concept is given by changing the camber of the trailing edge along the wingspan.
For aerodynamics modeling, it was adopted unsteady strip theory and, for dynamics modeling, it was used rigid body mechanics, considering the displacement of the center of mass and
the time-varying inertia tensor. Finally, control design is performed using Exponential Mapping Controller (EMC) method. The results showed that, for the adopted variable geometry
configuration, the influence of the center of mass displacement and the inertia variation on
the aircraft behavior were insignificant, whereas the influences of the unsteady aerodynamics
were significant. Consideration of the unsteady aerodynamic effects increases the magnitude
of the aircraft movements, necessitating a greater control action.
Keywords: Morphing wings, Modeling, Aerodynamic, Dynamics, Control

1 Introduction
The development of aircraft over the years led to its use in
a variety of applications. The research about flight performance improvement is inserted in this perspective, due to the
spread in vehicular electronic computation capacity, what allows, today, for fast computations at a very low cost, and consequently, use in any kind of aircraft.
One of the alternatives for performance improvement relies
on the development of more efficient aerodynamic flight controls, specially the variable geometry mechanisms concept.
Those are the mechanisms that are designed to adapt itself
to changes in the mission environment [1]. The development
of such mechanisms seeks inspiration from nature, specially
in the birds flight, which achieved a very efficient condition
because of biological evolution [2].
The inspiration in nature was already present in the early
years of aviation development. In the XIX century, many
visionaries developed bird inspired mechanisms that allowed
geometry changes aiming performance improvement or flight
control [3]. However, the demand for aircraft made of stiffer
materials in the place of flexible ones, prevented their further
development, and those mechanisms could not be found anymore in most aircraft [2].
Nowadays, the use of variable geometry mechanisms is possible again because of technological development in differ-

ent fields, specially in the materials and structures area, what
brought the possibility of designing flexible yet fail safe structures. The work of [4] described many aircraft designs that
consider variable geometry concepts. On example is the F-14
fighter, which alters its sweep in flight to achieve better performance on different flight phases. The more recent work
of [5] describes the development of an aircraft that has all its
geometry variable using an innovating structural concept.
1.1

The variable geometry devices

The variable geometry devices can be divided into two categories: discrete and continuous [2]. The discrete ones are
those found in conventional aircraft, which have single functionalities operating in some flight phases, such as the flaps,
slats and rectractable landing gears. The continuous ones usually have multiple functionalities, operating in different flight
phases. One example is the bird wing.
1.2

The Categories of Continuous Changes in Wing Geometry

In [4], the different ways of changing wing geometry are divided between changing shape in wing plan, out of wing plane
and in profile. Changes in wing plan shape include changes in
wingspan, chord and fluff, while out-of-plane shape changes
include variations in torsion, dihedral and flexion. For profile
changes, the parameters that vary are arching and thickness.
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For the profile change, [6] presents two distinctions for variations in arching, leading edge variation and trailing edge
variation.
The work of [7] presents a very interesting concept of a variable geometry wing, which can be characterized in the category of change in trailing edge bending, as [6]. The concept
is given the Spanwise Morphing Trailing Edge (SMTE),
which consists of changing the incidence of the trailing edge
smoothly over the entire wingspan. To make this smooth
transition, active and passive surfaces are used, active surfaces are responsible for the trailing edge movement, while
passive surfaces transition to the other active surface.
To carry out the studies of this work, we opted for the SMTE
concept of [7], because it has a high application potential,
directly impacting the autonomy of the aircraft.
1.3

The Advantages of Using Variable Geometry Wing

The use of wings with variable geometry can mainly affect
the aerodynamics and its control, seeking to increase its performance. In the work of [6] the advantages of each of the
variable geometry wing categories are presented. The advantages for different types of variable geometry are listed in the
items below.
• Variable camber: It is capable of changing the lift distribution, having advantages in the takeoff and landing
phases and can be applied at the trailing or leading edge.
Lead edge application can be a lower noise and drag alternative to conventional slats. Application at the trailing
edge can reduce drag, making control surfaces more efficient.
• Variable thickness: You can change the drag of the profile by changing its thickness, directly impacting the location of the transition point from laminar to turbulent regime.
• Variable wingspan: Aircraft with high elongation have
low maneuverability and high aerodynamic efficiency,
however those with low aspect ratios have good maneuverability and low aerodynamic efficiency. The variable wingspan can enjoy the advantages of low aspect
ratios and high aspect ratios.
• Variable sweep: Variable sweep can combine the advantages of a non-sweep wing at low speed, take-off and
landing stages with the advantages of sweep wings at
high speed speeds.
• Variable twist: Variable twisting can relieve maneuvering and bursting loads. In addition, the twisting of the
wing may alter the lift distribution along the wingspan
and may have the function of a control surface.
In the experimental work of [8] data were obtained that
demonstrated an improvement in the aerodynamic efficiency
of the aircraft with the use of a variable wingspan, showing
a 17 % increase in autonomy. In addition, FlexSys, founded
in 2000 by Dr. Sridhar Kota, indicates that using its FlexFoil

technology can reduce drag by a range of 5 % to 12 % for
long-range fixed wing aircraft, representing a huge fuel economy [9]
1.4

Modelings

To fulfill the objectives of the work, the modeling of kinematics and dynamics, aerodynamics and control is required.
Therefore, in the subsections below, the literature review of
the kinematics and dynamics modeling applied to aircraft
with variable geometry in subsection 1.4.1, aerodynamics
in subsection 1.4.2 and the control application in subsection
1.4.3.
1.4.1

Kinematics and Dynamics Modeling

To perform the dynamics modeling of a variable geometry
wing aircraft, one can choose two different techniques, adopt
the aircraft with a single rigid body or as the union of several
rigid bodies.
In the works of [10] and [11] are presented modeling of the
dynamics of a wing aircraft with variable geometry using rigid body mechanics. However, some effects that arise when
adopting a change in geometry should be taken into account.
The main effect would be a significant change in the center
of gravity and moments of inertia, so the inertia tensor is a
function in time and has a dynamics, which may be close to
the frequency ranges of rigid body dynamics.
Due to the considerations provided by [11], it is clear that
the equations of standard rigid body motion cannot be applied. An alternative would be to use multibody dynamics
methods, but depending on the choice of method one can find
large systems of equations, resulting in a significantly higher
computational cost. So in [12] another approach to modeling
is provided which consists of continuing to treat the aircraft
as a single body but utilizing the displaced center of mass of
the origin and relaxing the stiffness condition, making the inertia tensor an explicit function in time. This approach may
be a more efficient alternative, because its computational cost
is lower compared to the dynamics of multiple bodies, and
due to these factors, this approach was chosen for this work.
In [13] aircraft dynamics modeling is performed using a tool
called SimMechanics, present in Matlab software, which uses
the standard Newtonian dynamics of forces and torques. SimMechanics is a block diagram modeling environment where a
body can be modeled by joining multiple rigid bodies through
joints.
1.4.2

Aerodynamic Modeling

Aerodynamic methods applied to wings with variable geometry are divided into two broad categories, stationary and
non-stationary. Moreover, within these categories one can
have a division between linear and nonlinear methods.
The linear methods, both stationary and non-stationary, are
based on potential flow theory, having a restricted application
to thin airfoils and small angles of attack. To overcome these
constraints of linear methods, nonlinear aerodynamic methods such as Computational Fluid Dynamics (CFD) are used.

These, however, require a higher computational cost.
In [6] a review of the different aerodynamic methods used in
wing modeling with variable geometry was performed. For
the finite wing modeling within the stationary method category, the most commonly used are the Vortex Lattice Method
(VLM) and the nonlinear vortex lattice method. For the nonstationary method category, the use of Unsteady Vortex Lattice Method (UVLM) and Doublet Lattice Method (DLM) is
highlighted. It is also noted the large use of CFD, which may
be non-stationary and stationary, the tendency of increasingly
using CFD in these studies is due to its ability to obtain results
very close to experimental, especially in the nonlinear region.
Finally, [6] concludes that the UVLM method has great potential for modeling involving bending, thickness, torsion and
wingspan alterations.
In the aerodynamic modeling performed by [14], we highlight
the use of CFD with a Spalart-Allmaras turbulence model, a
one-equation model, which has a lower computational cost
than other models. turbulence. In [15], the turbulence model
used was k omega, a two equation model, which requires a
higher computational cost than Spalart-Allmaras, but the results obtained were very close to those obtained. experimental
results.
In the work of [16] the aerodynamic method used is strip theory, with the generalized non-stationary theory of Theodorsen
applied to an airfoil. The results for the theory’s predicted
flutter velocity and frequency were very close to the experimental ones.
In the work of [17] a comparative study is carried out, evaluating loads in flight, between quasi-stationary band theory,
Vortex Lattice Method (VLM), non-stationary band theory
and Doublet Lattice Method (DLM). The author concludes
that non-stationary band theory is the best candidate for use
in initial analysis, considering the relationship between computational cost and correct prediction of aerodynamic effects.
So, in this work, it was decided to use the non-stationary band
theory, with modifications to include inflection, dihedral and
profile characteristics.

described as
ẋ = f (x, u)

However, for an aircraft with variable geometry, dynamics
also become a function that depends on the µ geometry
change setting and the µ̇ surface rate of change. Therefore,
the dynamics should be described as:
ẋ = f (x, u, µ, µ̇)

Control Application

There are different control techniques that can be applied to
control aircraft with variable geometry, but some complications arise due to the dependence of dynamics on changing
geometry. There are two ways to handle control of aircraft
with variable geometry, as suggested by [11]. Variable geometry can be considered as a configuration change requiring
different controllers in each configuration, or variable geometry can be studied as the control method. Using variable
geometry as control effectors, problems of non-unique solutions arise as the number of control variables. Due to the
problem of non-unique solutions, the optimal control allocation method may be an alternative.
In [11] some complications are presented in the control design
phase of a variable geometry wing aircraft, as in one of the
primordial stages of the control design, the system linearization. In the linearization step a linear system of a dynamics

(2)

In the work of [6] a review of the control techniques used
in aircraft with variable geometry is presented, highlighting
the use of the pseudo-inverse allocation method and quadratic programming allocation within the actuator constraints.
In [10] an optimal control technique is used for different flight
conditions, with small performance losses in off-project conditions.
For this work, we opted for the Exponential Mapping Controller (EMC) method, developed by [18]. This method is
based on the Sliding Mode Control (SMC) and Neuro-Fuzzy
Control (NFN) methods, combining some advantages of both
methods, demonstrating an excellent ability to solve dynamic
control problems with terms. variations in time with some
ease.

2

Mathematical models

This section presents the description of the main mathematical models used in the proposed framework. The first model
presented in subsection 2.1 is the aircraft’s kinematics and
dynamics. Modeling the complete dynamics of the aircraft
requires the aerodynamic forces, which are provided by the
aerodynamic model presented in subsection 2.2. Finally, the
control design model is presented in subsection 2.3, which
will be responsible for commanding and stabilizing the aircraft.
2.1

1.4.3

(1)

Kinematics and Dynamics Model

The aircraft motion is represented by the translation and rotation of the body reference system (BRS) relative to the inertial reference system (IRS). The BRS, illustrated in Fig. 2.1,
is defined with the axis Xb poiting in the direction of the aircraft’s nose, axis Yb on the right side of the aicraft, when looking in the positive direction of axis Xb , and axis Zb points
downward. Its origin is displaced from the center of mass
of the aircraft. The IRS is fixed at the initial position of the
aircraft and at the coincides with the BRS at t = 0.
The translation is characterized by the position vectors R0 ,
Rcm and rcm , whereas the rotation is by the attitude of the
BRS towards the IRS. The attitude is obtained using the
angles of Euler f , q , y defined with the rotation along the
x, y and z axis, respectively. The attitude matrix is given by
the rotation sequence z-y-x.
The forces and moments acting on the reference systems are
defined according to fig. 2, with the positive moments and

p
Xb

v
u

Yb
q

Fext = mV̇cm

rcm CM

By deriving the eq. (3) in time, we obtain, after handle the
terms, the translation dynamics for the origin of the BRS, in
relation to the inertial system, written as:

V0
w

rn
r
Zb

R0

Rcm
mV̇0 + m(w ⇥ V0 ) + mr̈cm + 2m(w ⇥ ṙcm )
+mẇ ⇥ rcm + m(w ⇥ w ⇥ rcm ) = Fext

Yi

n
Xi
Vcm

Zi

Figure 1: Definition of inertial reference system and body.

L
Xb

Mx

Y

For the rotation dynamics, the rate of change of the amount of
total external angular motion is obtained as presented by [12],

My
Fy

Nn

h = J · w + Â (mn )i (rn )i ⇥ (vn )i

CM

Mz

Solving the derivative of eq. (7), substituting the result in eq.
(6) gives the equation of rotation dynamics described as

Za

Figure 2: Representation of forces and moments acting on
reference systems.

2.1.1

(7)

In the above equation, J is the aircraft’s inertia matrix, rn the
mass element position vector n shown in fig. 2.1, vn the velocity vector of the mass element, mn the mass of the mass
element, and Nn is the amount of mass elements.

Fz

Zb

(6)

i=1

D
Xa

Mext = ḣ + m rcm ⇥ V̇0

where Mext is the total external moment vector with components Mx , My and Mz , respectively, and h is the angular
momentum BRS, which is expressed as:

Yb

Fx

(5)

where Fext is the vector of external forces with components
Fx , Fy and Fz , respectively, and m is the total mass of the aircraft.

body forces in the direction of the BRS axes and the positive aerodynamic forces in the opposite direction of the SAR’s
axes.
Ya

(4)

Nn

Nn

i=1

i=1

+w ⇥ Â (mn )i · (rn )i ⇥ (vn )i + Â (mn )i (rn )i ⇥ (v̇n )i

Dynamics

The translation dynamics considers the external forces acting
on the body according to fig. 2 and the velocities u, v and w
according to fig. 2.1. Furthermore, write the velocity Vcm of
the center of mass, illustrated in fig. 2.1, with respect to IRS
as:
Vcm = V0 + ṙcm + w ⇥ rcm

J · ẇ + w ⇥ J · w + J̇ · w + mrcm ⇥ (V̇0 + w ⇥ V0 )

(3)

where V0 is the inertial velocity of the BRS origin with components u, v and w, w the angular velocity vector of the body
with components p, q and r, respectively, rcm the center of
mass position vector relative to the origin of the BRS.
Using Newton’s second law, assuming the aircraft has constant mass, then the resulting external force must be equal to
the product of the total mass of the aircraft, m, by the timederived center of mass velocity, V̇cm , so that:

(8)

Nn

+ Â (mn )i (ṙn )i ⇥ (vn )i = Mext
i=1

Analyzing the eqs. (5) and (8) we see a dynamic coupling,
due to the second derivative of the vector rcm , giving rise
to the term ẇ in the translation dynamics. This coupling is
solved using the approach presented by [19], which consists
in solving a coupled linear system, defined as
T

mI SR
SR J

·

V̇0
ẇ

=

QF
QM

(9)

where

SR = mr̃cm

(10)

QF = Fext m(w ⇥ V0 ) mr̈cm
2m(w ⇥ ṙcm ) m(w ⇥ w ⇥ rcm )
QM = Mext
Nn

w ⇥J·w

J̇ · w

w ⇥ Â (mn )i (rn )i ⇥ (vn )i
i=1

Nn

(11)

i=1
Nn

(12)

Â (mn )i (ṙn )i ⇥ (vn )i

i=1

where I the identity matrix, SR the dynamic-coupling matrix, r̃cm the anti-symmetric matrix of rcm , QF the vector of
external forces and QM the vector of external moments, considering terms that do not depend on V̇0 and ẇ.
2.1.2

Kinematics

For the formulation of the translation kinematics, we consider
the position vector R0 in fig. 2.1, with components x0 and
y0 defining the horizontal displacements and z0 the altitude
considering the origin of IRS at sea level. These components
are measured from the BRS origin relative to the IRS origin.
Therefore, one can express the inertial velocity V0 as:
2

3
x˙0
V0 = 4 y˙0 5
z˙0

2

3
2
3
x˙0
u
i
T
4 y˙0 5 = (Cb ) · 4 v 5
z˙0
w

(14)

To obtain the rotation kinematics, initially the angular velocities in the BRS are described, as
3

2

3

2

3

2

3

0
ḟb
0
ḟ
Wb = 4 q̇b 5 = C1 · C2 · 4 0 5 + C1 · 4 q̇ 5 + 4 0 5
ẏ
0
0
ẏb
(15)
And assume an angular velocity w = [p, q, r], in order to
write the equation to be solved as:
2

3
p
Wb = 4 q 5
r

3 2
3
sen(f )tan(q ) cos(f )tan(q )
p
cos(f )
sen(f ) 5 · 4 q 5
sen(f )sec(q ) cos(f )sec(q )
r
(17)

Morphing Modeling

Aircraft kinematics and dynamics require the first and second
derivatives of the position vectors rcm and rn , as well as the
first derivative of the J inertia matrix. The complete dynamics of the aircraft is a system of ordinary differential equations, therefore care must be taken with the derivative approximations, because when adopting approximation methods as finite differences a time-step dependent truncation error is entered. This error increases the error in the ordinary
differential system solution method.
Therefore, due to the complications introduced by the finite difference approximation, the approximation provided
by [12] was used. To obtain the derivatives we use a function or a numerical routine capable of obtaining the parameters of interest as a function of the deflections d of each mass
element, obtaining the derivatives according to the equations
below:
rcm = f (d1 , d2 , .., dNn )
ṙcm =

(13)

Using the velocities u, v and w described in SRC, the translation kinematics can be written as:

2

3 2
ḟ
1
4 q̇ 5 = 4 0
0
ẏ
2.1.3

mrcm ⇥ (w ⇥ V0 )

Â (mn )i (rn )i ⇥ (v̇n )i

2

(16)

Then, solving the eq. (16) obtains the rotation kinematics
described as:

T

r̈cm = ḋ ·

Nn

(18)

Nn

∂ rcm
· ḋk
k = 1 ∂ dk

Â

(19)

Nn

Nn
∂ 2 rcm
∂ rcm
· ḋ + Â
· d̈k
∂
d
∂
d
j
k
j = 1k = 1
k = 1 ∂ dk

Â Â

(20)

To obtain the derivatives of rn and the J inertia matrix just
repeat the process performed for the position vector rcm .
However, using this approximation introduces the dependence with the first and second derivative of the d deflections,
that is, a second order model of the actuator dynamics is required for each deflection, as follows:
d˙p = 2z wn · d p + wn2 · (dc
ḋ = d p

d)

(21)
(22)

where dc is the commanded deflection provided by the control
project, and d p a variable substitution for the first derivative
of d .
These dynamics must be introduced into the system solution,
increasing the number of states of the complete dynamics.
To obtain the values of inertia and center of mass position
required for derivative approximations, it is assumed that the
panels responsible for the morphing effect are concentrated
masses positioned at the center of mass of each panel. Then,
the position of the aircraft’s center of mass relative to the BRS
is obtained by:

1 Nn
rcm = · Â(mn )i · (rn )i
m i=1

(23)

and the resulting inertia matrix,

2.2.2

Nn

J = JF + Â(mn )i · (r̃n )i · (r̃n )Ti

(24)

i=1

where JF is the inertia matrix of components that are not part
of the morphing structure and r̃n is the anti-symmetric matrix
of rn .
2.2

Aerodynamic model

To obtain the aerodynamic forces and moments, one can make
use of stationary, non-stationary or quasi-stationary aerodynamic methods. The difference between these approaches is
in considering the effects of flow in time. In the scope of this
work, the analysis of the variant effects in time is inserted,
therefore the non-stationary approach will be adopted.
In order to understand the adopted method, the topics about
the typical subsection on which the method is based, in the
subsection 2.2.1, are presented the formulation of the unsteady strip theory, in the subsection 2.2.2, the contribution
of the movements of rigid body, in subsection 2.2.3, finally,
obtaining the derivatives of stability and control in subsection
2.2.4.
2.2.1

In fig. 3, Vn represents the flow velocity, bc the distance
between the control surface articulate point and the origin,
ba the distance between the elastic axis and the origin, b the
semi-chord.
Unsteady Strip Theory

Unsteady strip theory is based on the idea of representing
three-dimensional aerodynamic flows by dividing the surface
of interest into strips along its span, where the solutions developed for a typical section, as illustrated in the previous
subsection, apply. Thus, three-dimensional effects such as
the wingtip effect are neglected.
For the theory to be able to represent a wing with a sweep and
dihedral angle, the modifications presented by [22] must be
perform. Furthermore, in the work of [23] the modification
is perform to accommodate the characteristics of the profile.
Using the formulations provided by both works, the final formulation of the strip theory is called Modified Strip Theory
(MST), described by the equations:

q̇ +Vn ttan(Lea ) +

Given the modeling assumptions, [20] do perform overlaps
potential flows, being divided into a non-circulatory part, related to the airfoil, and another circulating part, related to
the vortex mat extending from the trailing edge to infinity.
With these potentials, forces and moments can be calculated
through the integration of pressures over chord and the relationship between circulatory and non-circulatory forces is
given by Theodorsen function C(k) [21].
z
x

Vn
h

q
ba
-b

bc

d
b

Figure 3: Typical section with three degrees of freedom.

a

Vn d
bḋ
T10 +
T11
p
2p

L = prb2 ḧ +Vn q̇ +Vn ṡ tan(Lea )

Typical Section

For the formulation of unsteady strip theory, two-dimensional
formulations are required, such as the analytical equations developed by [20] for a typical section with 3 degrees of freedom, these being the angle q , d and the displacement h, represented in fig. 3. In order to obtain the complete analytical
solution for non-stationary aerodynamic loading, [20] considered a thin profile and two-dimensional, incompressible,
potential flow subject to a simple harmonic motion.

Cla,n
+ acn
2p

Q = ḣ +Vn q +Vn s tan(Lea ) + b

(25)

ba q̈ +Vn ṫtan(Lea )

Cla,n rVn bC(k)Q + prb2 ḋ T4 + rb3 d̈ T1
(26)
Ma = prb2Vn (ḣ +Vn s tan(Lea )) + prb3 a ḧ +Vn ṡ tan(Lea )
rb3Vn ḋ T1

T8

prb2

T4 (c
1
+ a2
8

a)

rb4 d̈

T7

q̈ +Vn ṫtan(Lea )

2prb2Vn Q

1
2

C(k)

+prb2Vn2 q

T1 (c

a)

rb2Vn2 d T4

Cla,n
(a
2p

acn )

abttan(Lea )
(27)

Cla,n =

Cla
wb
, Vn = V cos(Lea ), k =
cos(Lea )
Vn

(28)

In the above equations Q is the strip downwash, Ma the strip
pitch moment, L the strip lift, s the strip dihedral, t the torsion of the strip, Lea the sweep angle relative to the elastic
axis, Cla,n angular coefficient of the curve Cl ⇥ a, c the dimensionless position of the profile control surface, a the dimensionless position of the elastic profile axis, acn the dimensionless position of the profile aerodynamic center, and r the
flow density.
For the discretization of the surface to be in accordance with
the formulation presented, the strips must be positioned perpendicularly along the elastic axis. Each of the ranges receives the system of equations presented above.

2.2.3

Contribution of Rigid Body Movements

This subsection presents the contributions of rigid body
movements to enable the use of theory in a flight mechanics problem. These contributions are discussed in the work
of [24], in order to find the contributions of the aircraft a and
b angles and the effective angles qR , sR and LR of each strip,
as well as the contribution of the angular velocity of the body
to the velocity ḣ of each strip.
Given a function that relates the effective angles of each strip
to the body’s a and b angles, one can describe the effective
angles as:

that any physical response in time can be approximated by a
combination of harmonic movements. Therefore, the imaginary variable iw = s can be substituted in the formulation and
the Theodorsen function C(k) can be used for the frequency
domain using the modified 0 and 1 Bessel functions [25].
In the frequency domain we get a state perturbation vector
Dx(s), the force L(s), and the momentum Ma (s) as:
Dx(s) =

⇥

qR = fqR (a, b ), LR = fLR (a, b ), sR = fsR (a, b ) (29)
Therefore, the angle Lea , q and the displacement h from the
formulation of the previous subsection should be replaced, in
each strip, with:
Lea
q

= Lea + fLR (a, b )
= fqR (a, b )

a0

(30)

h = y0 fsR (a, b )cos(Lea )
where a0 is the angle of attack with zero lift of the profile and
y0 is the y coordinate along the elastic axis.
The contribution of the angular velocities p, q and r of the
body is understood as an induced velocity with respect to the
distance from the elastic axis of the strip to the body system
reference point. Then the ḣ, s and t variables are replaced
by:

∂ fqR (a, b )
∂ y0

a0
∂ y0

ḣ = L p p + Lq q + Lr r + y0 ·

(33)

Ma (s) = Ma |eq + DMa (s) · Dx(s)

(34)

The expressions of the forces and moments in the eqs. (33)
and (34) are applied to each range and can be summed vectorically, taking into account the direction of action of each force
and moment. By grouping the terms, get a AE (s) matrix for
forces and moments in equilibrium and a A(s) matrix for perturbative terms, called the matrix of aerodynamic influence
coefficients.
To leave the frequency domain and obtain the temporal response of forces and moments, the inverse Laplace transform
must be used. However, the direct application of the transform cannot be performed directly, because Theodorsen C(s)
function is not Laplace-invertible. Therefore, one must perform the rational function approximation of the A(s) matrix.
The method for approximating the matrix elements used in
this work is Roger’s method.

(31)
∂ fsR (a, b )
· cos(Lea )
∂t

where L p , Lq , and Lr are the distances between the elastic axis
of the strip and the origin of the body system for each angular
velocity.
2.2.4

L(s) = L|eq + DL(s) · Dx(s)

With the approximation performed, one can use the inverse
Laplace transform and then obtain the forces and moments in
the time domain as the expression below.

s = fsR (a, b ) · cos(Lea )
t=

⇤T
Da(s) Db (s) Dp(s) Dq(s) Dr(s) Dd (s)
(32)

Stability and Control Derivatives

The formulation of the stability and control derivatives considers a linearized condition around an equilibrium permanent flight condition, so any state variable xi can be described
in relation to its balance plus your disturbance xi (t) = xi |eq +
Dxi (t). However, the force and moment expressions presented
are valid for harmonic motion with frequency w, so you must
express the perturbations in a state variable as Dxi = Dxi · eiwt .
Writing the expressions of forces and moments in relation to
perturbations of state variables a, b , p, q and r gives the linearized forces and moments in relation to a movement harmonic. However, the interest is in describing the forces and
moments for any movement. For this, the principle is used

F(t) =

⇥

Fx (t) Fy (t) Fz (t) Mx (t) My (t) Mz (t)

F(t) = AE (t) + A0 (t) · Dx(t) +
A2 (t)

bre f
V

2

bre f
A1 (t) · Dẋ(t)+
V
nlag

· Dẍ(t) + Â Ai+2 (t) · xi (t)
lag

⇤T

(35)

(36)

i=1

where bre f is the aircraft’s reference wingspan, V the total
lag
aircraft speed and xi (t) o vector of states representing the
terms of aerodynamic delay.
Finally, each of the components of the F(t) vector can be described in terms of the coefficients of influence, called stability derivatives, when referring to state variables, and control,
when referring to to control deflections. For dimensionlessness we use the aerodynamic mean chord cre f and the wing
plan area Sre f .

2.3

Control project model

This section presents the control design method, with its formulation and characteristics. To understand the method, the
necessary steps for the control design in subsection 2.3.1 and
the design routine adopted in subsection 2.3.2 are presented.
2.3.1

Figure 4: Block diagram for the control project.

The EMC Method

The EMC method implements an SMC-inspired approach
with a heuristically defined nonlinear mapping function. The
shape and boundary of the mapping function is defined by the
operator. The limit is derived from basic information about
the actuators and its shape is defined based on knowledge
of system behavior. For EMC implementation, follow these
steps:

The system is resolved with the ode15s function of the MATLAB c software, and thereafter the errors are stored between
references and tracked states. As a penalty criterion, the time
integral multiplied by the absolute value of the error |e(t)|
is used, a very useful criterion used to penalize transient responses [26]. The criterion can be described as:

1. Switched error calculation:

fcrit =

xref x
et =
er

(37)

where xref is the reference of any state x and er the first
design parameter.
2. The parameter et is restricted to being between -1 and 1:
8
< 1, se et < 1
e,
se 1  et  1
es =
(38)
: t
1,
se et > 1
3. Exponential Function Calculation:
ue = sign(es ) 1

||es |

1|2

B

(39)

where sign(es ) is a function that returns the es and B sign
the second project parameter, usually inserted between 10 and 10.

Z •
0

t|e(t)| · dt

(41)

Finally, the final er and B parameters are obtained by minimizing the fcrit function, using a minimization function such as
fminsearch function of MATLAB c .

3
3.1

Numerical Studies
Reference Aircraft

To evaluate the proposed formulation, a simple reference aircraft was chosen, similar to the aircraft presented by [27]. It
is a flying wing unmanned aerial vehicle (UAV), seen in Fig.
5, with a reference chord of 0.276 m, wingspan of 1.2 m, total
mass of 0.9 kg and a sweep angle of 30 . In addition, the
flight condition is defined as a cruise flight with a speed of
12 m/s and an altitude of 100 m.

4. Control action calculation:
u=

umax

umin
2

(ue

1) + umax

(40)

where umax and umin the maximum and minimum limits
of the control action.
In practice EMC needs only two parameters and control stops,
making it easy to implement and adjust.
2.3.2

Project Routine

With the specifications of the steps of the EMC method, you
can use it in a design routine. The routine consists of a reference entry and an initial kick of the er and B parameters for
each of the state variables to be traced. In Figure 4 is the system block diagram, with the state variables used in the control
project.
The project can be divided into two, controller and stabilizer,
as shown above. The controller is responsible for controlling
the V , H and f tracked variables, while the stabilizer is responsible for stabilizing the aircraft, using as input the comparison between the angles q and a .

Figure 5: Reference aircraft [27].
However, the mass distribution of this aircraft is unknown.
Thus, defining this distribution, becomes a challenge, directly
affecting the stability of the aircraft, and making it difficult to
integrate the equations system and consequently the control
design.
To overcome this problem, a mesh of ten elements along the
chord and twenty elements along the span is considered, and
each element is considered as a point mass. The aircraft’s
inertia and center of mass position are computed with equations (23) and (24). Different total masses are defined for each
area of the model, so that a mass of 40% of the total mass is
considered to be in the central region, where the propulsive

system is located, and each half wing has 30% of total mass.
The resulting center of mass is used as reference point for the
calculation of moments of inertia. In fig. 6, the elements of
each half wing are highlighted in blue, the central region in
red, and the center of mass identified with a blue dot. Table
1 shows the values of moments of inertia and the position of
the center of mass.

0
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X [m]
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Figure 7: The aerodynamic model, considering the wing discretized into 20 strips.
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Figure 6: The reference model discretized in elements for
mass and inertia computation with different densities.
Table 1: Moment of inertia values and center of mass coordinates of reference aircraft.
Inertial parameters
Ixx
Iyy
Izz
Izx = Iyx = Izy
xcm
ycm = zcm

Values (S.I)
0,0681
0,0116
0,0797
0
0,2317
0

The aerodynamic model is composed of 20 strips, divided into
each side, all with the same area, as seen in Fig. 7. There
are two control surfaces areas, one at the inner portion of a
each half wing, comprising 5 strips, and another at the outer
portion, comprising 3 strips. The fuselage area is modeled
with a total of 4 strips, which are superposed.
The aircraft has propulsive limitations, with a maximum
power of 260 W , so the maximum speed attained by the aircraft is 22.0 m/s, while the minimum speed is 9.0m/s for no
loss of support. In addition, it also has limitations of control surface deflections due to actuator constraints, which are
20 for maximum deflection and 20 for minimum deflection [27].
3.2

Response to Control Surface Disturbances

The analysis of the dynamics response to control surface disturbances is important for the understanding of aircraft behavior regarding the use of controls. To perform this analysis,
we chose to only disturb the elevator command with a doublet
entry of a Dd p = ±1 for 2 seconds. In addition, three different dynamics were considered, the first disregards the effects

of non-stationary aerodynamics and temporal variations of inertial parameters, the second disregards only the effects of
temporal variations of inertial parameters, and the third only
the effects of aerodynamics. non-stationary. In fig. 8 the
black results refer to the first dynamics, blue to the second
and red to the third when disturbed by the elevator control.
By analyzing the above results it can be seen that the behavior of the aircraft is consistent with the expected modeling,
as a positive disturbance in the elevator decreases the angle of
attack a and the angle of pitch q , since This disturbance generates a negative pitching moment. In addition, as the angle
of attack decreases, speed increases due to decreased drag,
and altitude decreases due to decreased lift. The control result shows the actuator dynamics, which have relatively fast
dynamics.
Performing a comparative analysis between the different dynamics, it is clear that the first and third dynamics have
identical results, while the second dynamics have different
results, but maintains the physical sense. This difference
in magnitude of results can be explained by analyzing noncirculatory or apparent mass terms, which consider the displacement of air mass in surface motion, increasing the magnitude of forces and moments acting on motion.
In fig. 9 we find the variations of the inertial parameters when
considering the third dynamic, as discussed in the previous
paragraph, this dynamic does not influence the results, ie the
variations are very small and consequently result in forces.
and very small moments.

4

Conclusions

The work presented the modeling of a Exponential Mappping
Controller applied to morphing wing. The aerodynamic
model considers the modified strip theory.
By using the flight dynamics that considers the time-varying
displacement of the center of mass and the resulting inertia,
it is necessary to use a model able of computing these variables continously and estimate the associate derivatives. Approximations of derivatives of inertial parameters should be
performed with caution. The system solution needs a variable
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Figure 9: Time variations in center of mass position and moments of inertia for a disturbance in elevator control.
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Figure 8: Response of state variables to elevator control disturbance.

The use of non-stationary aerodynamics is required for a more
coherent description of aircraft movement, as non-stationary
aerodynamic effects are significant in the aircraft’s ultimate
behavior.
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time step, which makes it impossible to use more usual derivative approximations, such as the finite difference method.
So, to circumvent this problem one can use linear relationships between inertial parameters and deflections, needing to
know the dynamics of the actuator.
The aerodynamic method should be chosen carefully, as some
non-stationary aerodynamic methods depend on the time step,
such as the UVLM, requiring a more complete numerical
study when it comes to the union between the equation system
solution and the aerodynamics.
For the use of non-stationary strip theory, it is necessary to
know the first and second derivatives of state variables, but
these quantities are not known before the aerodynamic forces
and moments are obtained. To work around this problem,
an estimate is made using the linearized dynamics model,
considering that the linearized matrices remain constant over
time.
The time variations of the center of mass position and the
aircraft inertia proved to be insignificant, mainly due to the
category adopted for variable geometry. It is possible that a
more agressive morphing concept might affect more the flight

The control method used was very effective for the simulated
cases adopted.

Nomenclature
Designation

Denotation

Fext , QF , L
Force
Mext , QM , Ma Moment
h
Angular moment
y, q , f , a, b Angle
w
Angular velocity
Vcm , V0 , vn
Velocity
J, JF
Moment of inertia
Rcm , R0 , rn , rcm Distance
m, mn
Mass
L p , Lq , Lr
Distance
bre f , cre f
Distance
Sre f
Area

Unit
N
N.m
N.rad
rad
rad/s
m/s
kg.m2
m
kg
m
m
m2

References
[1] Terrence A. Weisshaar. Morphing aircraft technology
- new shapes for aircraft design. NATO Research and
Technology Organisation (RTO), 2006.
[2] Rafic Ajaj, Christopher Beaverstock, and Michael
Friswell. Morphing aircraft: The need for a new
design philosophy. Aerospace Science and Technology,
page 12, 2015.
[3] Charles H. Gibbs-Smith. Aviation: An Historical Survey
from Its Origins to the End of World War, volume 1.
NMSI Trading Ltd., 2 edition, 2013.
[4] Onur Bilgen Michael I. Friswell Daniel J. Inman Silvestro Barbarino, Rafic M. Ajaj. A review of morphing
aircraft. Journal Of Intelligent Material Systems And
Structures, page 12, 2011.
[5] Nicholas B. Cramer, Daniel W. Cellucci, Olivia B. Formoso, Christine E. Gregg, Benjamin E. Jenett, Joseph H.
Kim, Martynas Lendraitis, Sean S. Swei, Greenfield T.
Trinh, Khanh V Trinh, and Kenneth C. Cheung. Elastic
shape morphing of ultralight structures by programmable assembly. Journal Of Smart Materials and Structures, page 14, 2019.
[6] Daochun Li, Shiwei Zhao, Andrea Da Ronch, Jinwu
Xiang, Jernej Drofelnik, Yongchao Li, Lu Zhang, Yining Wu, Markus Kintscher, Hans Peter Monner, Anton
Rudenko, Shijun Guo, Weilong Yin, Johannes Kirn,
Stefan Storm, and Roeland De Breuker. A review of
modelling and analysis of morphing wings. Progress in
Aerospace Sciences, page 12, 2018.
[7] Alexander Pankonien and Daniel J. Inman. Experimental testing of spanwise morphing trailing edge
concept. Active and Passive Structures and Integrated
Systems, 2013.
[8] A. Tarabi, S. Ghasemloo, and M. Mani. Experimental
investigation of a variable-span morphing wing model
for an unmanned aerial vehicle. The Brazilian Society
of Mechanical Sciences and Engineering, page 9, 2015.
[9] flexsys, 2018.
[10] Kenneth E. Boothe. Dynamic modeling and flight control of morphing air vehicles. Master of science, University of Florida, Gainesville, Florida, 2004.
[11] Thomas S. Koch. Stability and control of a morphing
vehicle. Master of science in aeronautics and astronautics, University of Washington, Seattle, Washington,
2012.
[12] B. Obradovic and K. Subbarao. Modeling of flight dynamics of morphing-wing aircraft. Journal of aircraft,
48:11, 2011.

[13] N. Ameri, M. H. Lowenberg, and M. I. Friswell. Modelling the dynamic response of a morphing wing with
active winglets. Hilton Head, South Carolina, 2007. Atmospheric Flight Mechanics Conference and Exhibit.
[14] Joaquim R.R.A. Martins David A. Burdette. Design of a
transonic wing with an adaptive morphing trailing edge
via aerostructural optimization. Aerospace Science and
Technology, page 12, 2018.
[15] Eun Jung Chae, Amin Moosavian, Alexander M.
Pankonien, and Daniel J. Inman. A comparative study
of a morphing wing. Conference on Smart Materials,
Adaptive Structures and Intelligent Systems, 2017.
[16] Ivan Wang, S. Chad Gibbs, and Earl H. Dowell. Aeroelastic model of multisegmented folding wings: Theory and experiment. Journal of aircraft, 49:11, 2012.
[17] Thiemo M. Kier. Comparison of unsteady aerodynamic
modelling methodologies with respect to flight loads
analysis. AIAA Atmospheric Flight Mechanics Conference, 2005.
[18] Hildebrando F. de Castro, Pedro Paglione, and Carlos Henrique Ribeiro. Exponential mapping controller
applied to aircraft. AIAA Guidance, Navigation, and
Control Conference, 2012.
[19] Ahmed A. Shabana. Dynamics of Multibody Systems,
volume 1. Cambridge University Press, 3 edition, 2005.
[20] T. Theodorsen and I. E. Garrick. Mechanism of flutter. a
theoretical and experimental investigation of the flutter
problem, 1940.
[21] Theodore Theodorsen. General theory of aerodynamic
instability and the mechanism of flutter, 1949.
[22] J. G. Barmby, H. J. Cunningham, and I. E. Garrick.
Study of effects of sweep on the flutter of cantilever
wings, 1951.
[23] Jr. E. Carson Yates. Calculation of flutter characteristics
for finite-span swept or unswept wings at subsonic and
supersonic speeds by a modified strip analysis, 1958.
[24] Grégori Pogorzelski. Dinâmica de aeronaves flexíveis
empregando teoria das faixas não-estacionária. Master
of science, Instituto Tecnológico de Aeronáutica, São
Jóse dos Campos, SP-Brasil, 2010.
[25] Raymond L. Bisplinghoff, Holt Ashley, and Robert L.
Halfman. Aerolasticity. Dover Publications, Inc., 1996.
[26] K. Mohamed Hussain, R. Allwyn Rajendran Zepherin,
M. Shantha Kumar, and S.M. Giriraj Kumar. Comparison of pid controller tuning methods with genetic algorithm for foptd system. Journal of Engineering Research and Applications, page 7, 2014.
[27] Henrik Grankvist. Autopilot design and path planning
for a uav. Defence and Security, Systems and Technology, 2006.

Aerospace Technology Congress, 8-9 October 2019, Stockholm, Sweden
Swedish Society of Aeronautics and Astronautics (FTF)

Modelling of Transonic and Supersonic Aerodynamics for Conceptual
and Flight Simulation

esign

Petter Krus and Alvaro Abdallah*
Department of Management and Engineering, Link¨
University, Linköping, Sweden
E-mail: petter.krus@liu.se, pfalvaro@sc.usp.br
* Department of Aeronautical Engineering, University of Saõ Paulo, Saõ Paulo, Brazil

Abstract
In this paper a comprehensive set of models of aerodynamics for conceptual design that also
can be used for flight simulation is presented. In particular these are transonic/supersonic lift
coefficient, moment and induced drag. The models are based on a range of models found
in literature that have been compiled and reformulated to be more practical to use. Many
models in literature exhibit discontinuities or infinities e.g. around Mach one. Care has to
be taken to formulate benign expressions that can be used in all parts of the flight envelope.
One observation is that models are showing that induced drag have a significant influence
on supersonic performance, especially at high altitude and with elevated load factor. The
models are implemented in a simulation model so that performance can be evaluated at a
mission level already in conceptual design.
Keywords: Supersonic, simulation, conceptual design

1 Introduction

in [1].

Traditionally conceptual design has not been involving flight
simulation, although this is gaining in importance. In conceptual design modelling is aimed to predict the behavior and
performance of the finished product. As such they should
not necessarly show the exact behaviour for the aircraft at the
sketchy level of conceptual design. E.g. at the conceptual
design stage aerodynamic adjustments such as fillets etc, are
not defined and hence a very accurate model such as an advanced CFD model of the aerodynamics will not provide relevant result. At the conceptual design only the important configuration and dimensions of the aircraft, are laid out. Hence
models at the conceptual stage are on an entirely different
nature than in later part of design where the geometry has a
high degree of fidelity. In this paper a comprehensive aerodynamic model with a minimum number of coefficients is established, that is suitable for simulation at the conceptual design
stage, in such a way that they can give a "best guess" of the
performance of the finished product. Even though the models use a minimum of parameters they can provide a model of
high fidelity if they are established e.g. from wind tunnel or
flight testing. Therefore the same model can be used well into
the design process as better data becomes available.

2 Geometric modeling
In order to have a representative model an existing aircraft in
this case the F-16, was chosen as a basis for study in this work.
In addition the X-29 forward swept experimental aircraft was
also used to validate the model since there are data published

3

Modelling for mission simulation

For evaluating the performance of the aircraft in a realistic
scenario a system simulation model was built that could be
used in a mission simulation. The flight dynamics model is
here based on a 6 degree of freedom rigid body model that
is connected to an aerodynamic model. This was presented
in Krus et al. [2] and in Abdalla [3]. The aircraft model can
have different number of wings, with an arbitrary number of
control surfaces, and a body with its inertia characteristics.
The aerodynamic model is here based on a static version of
the model presented in [4], although the unsteady effects can
of course also be included. The control surfaces are modeled
both with a linear increase of lift force with deflection and the
corresponding increase in induced drag. There is also a cross
coupling effect of drag for control surfaces on the same wing
e.g. ailerons and flaps. In this way also the effect of trim drag
on performance is automatically included, and the effect of
reduced weight, as fuel is consumed.

4

Modelling transonic/supersonic characteristics

Here, a substantial part of the mission under study is in the
trans-sonic and supersonic regimes. Therefore, it is important to have models that capture these characteristics in an adequate way. There are basically three effects that are modeled
in the supersonic regime. The first is the wave drag. In the

c The Authors, 2019.

Here:

dM = 1

Mcrit

(4)

where Mcrit is the critical Mach number. Plotting this function
for dM = 0.2 yeilds Fig. 2.
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Figure 2: The logistic function for dM = 0.2. Hence for this
example Mc rit = 0.8.

Figure 1: Non-linear aerodynamic model.
model there is a Mach number dependent coefficient that is
added to the parasitic drag coefficient.

4.1

Aerodynamic Drag Estimation

This expression, however, has a singularity at M = 1, which
is clearly not realistic. In order to remove the singularity (1)
is modified into:
(((M

kdw
4 )1/4
kdwm )2 1)2 + kdw

(2)

Here Cdw1 i the maximum wave drag and kdw is a shape parameter. A low value of kdw leads to a quick decay of the wave
drag coefficient with Mach number. kdwm is another shape
parameter that can be used to move the Mach number of the
maximum drag. Both these values are non-dimensional and
are typically less than one. This function only applies to the
supersonic region. Therefore it is multiplied with a logistic
function to produce a soft step starting at the critical Mach
number where the drag rise starts. This function is fM is:
1

fM =
1+e

8

M (1 dM /2)
dM

(((M

kdw
4 )1/4
kdwm )2 1)2 + kdw

(5)

With Cdw0 = 0.0264, kdwm = 0.05, kdw = 0.5 and d M = 0.2
the function in Fig. 3 is obtained.
0.025
0.020
0.015
0.010

Aerodynamic drag in the supersonic range is composed of
skin friction drag, form and interference drag, and wave drag.
Skin friction drag can be basically considered to be the same
for the whole range, while for the form and interference drag
it are included in the wave drag in the supersonic region. The
wave drag coefficient is, see [5] or [6] roughly proportional
to:
1
Cdw µ p
(1)
M2 1

Cdw = Cdw0

Cdw = fMCdw0

Cdw

The second is that the aerodynamic center is moved backwards from the quarter cord position for subsonic to approximately half cord for supersonic. The third is that the lift sloop
is changed. Furthermore the induced drag is also changed as
a consequence of the lift sloop and due to loss of leading edge
suction. The transition between subsonic and supersonic is
modelled with a logistic (sigmoid) function to produce a soft
transition.

The full expression is then

(3)
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Figure 3: Wave drag coefficient as a function of Mach number,
using Eq. 5
The most critical parameter for the performance prediction is
the maximum wave drag contribution, i.e. Cdw .
Under simplified assumptions the Sears-Haack body have the
lowest transonic drag. This was shown first suggested by
Wolfgang Haack [7].
The theoretical wave drag coefficient for a Sears-Haack body
at Mach M = 1 (also the maximum value according to this
theory) can be calculated as (with cross-section area as reference area):
Smax
Cdw,SH = 9p 2
(6)
2L
For aircraft design it is more usual to use the wing area as
reference area. The expression then becomes:
✓
◆
Smax Smax
Cdw,SH = 9p 2
(7)
2L
Sre f
2
where Smax = prmax
is the maximum cross section area of the
Sears-Haack body, and L is the corresponding length. Sre f is
another area that should be used as reference are you for Cdw .
For an aircraft it is usually the wing area and for a rocket or

missile the reference area is usually a cross section area and it
could be the same as Smax . This value gives a lower limit to the
transonic drag. For real supersonic aircraft it is a factor larger.
this can be accomodated for by introducing a correction factor
Ewd as in [6]. The wave drag can then be calculated as:
Cdw = Ewd Cdw,SH

(8)

The correction factor can be estimated by comparing to values of typical existing designs. Another way is to use a more
elaborate method, based on a more detailed geometric analysis based on [8], [9] and [10]. For a more elaborate discussion on practical implementation of such metods, see e.g.
in [11] and [12], [13], and in [14].
4.2

Here eM is a factor that removes the singularity while the
asymptotes are unaffected.
For a swept wing 14 is only valid when the Mach cone, see
Fig. 4 has passed the leading edge. This means that there is
prolonged transition region for this case. This Mach number
can be calculated using geometry. The Mach number where
the mach cone coincides with the leading edge of the wing is
then.
p
M1 = 1 + tan2 L
(17)
Note that for a complete aircraft the notion of Mach cone becomes more complex.

Supersonic lift

The liftsloop of a wing changes already for higher subsonic
Mach number. For an infinite straight wing the lift sloop can
be calculated as:
CLa,0
CLa,sub =
(9)
b
Here CLa,sub is the lift-sloop for low Mach numbers, which
can be derived eg. from panel code. The factor b is:
p
b = 1 M2
(10)

Going into the supersonic region the lift curve changes dramatically. The lift curve can here be calculated from
4
CLa,sub =
b

(11)

where for this case:
b=

p

M2

1

(12)

Figure 4: Mach cone touching the leading edge of a delta
wing.
An expression that can be used for the whole range is then:
CLa = CLa,sub (1
Here

(19)

M (1+dML /2)
dML

1

(20)
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Figure 5: The lift coefficient with respect to a. The dotted
line is without leading edge suction and the dashed line is
with leading edge suction. The solid line is a blend of of both
for a high Mach cone angle

(15)

However, if (15) is used in (11) or (9) this yields a singularity
at M = 1. In reality this does not occur, and the lift curve
is smoothed out in the transonic range. Therefore the b is
modified into:
4 1/4
1)2 + eM
)

0.0

(14)

Otherwise the supersonic lift would be dependent on the
chosen reference area. b is here changed into an expression
that is valid in both ranges:

b = ((M 2

4

1+e
This is again the logistic function, where
p
dML = M1 1 = 1 + tan2 L

Eq. 9 can then be rewriten as:

b = ((M 2

(18)

1

fML =

However, this is only valid for a wing where the reference
area is equal to the actual effective lifting area. For a whole
aircraft these are not necessarly the same. therefore a nondimensional lifting area for the whole wing body combination
S0 is introduced as:
S0 = Swb /Sre f

fML ) +CLa,sup fML

(16)

4.3

Supersonic moment

In the supersonic regime the neutral point is moving backwards from approximately the quarter cord position of the
wing to approximately the half cord position. This leads to an
increased stability of the aircraft and also an increasing negative pitch moment that has to be counteracted by the elevator,

4.4

Supersonic lift dependent drag

In supersonic flight the lift dependent drag is generally small
compared to the wave drag. Hence a very precise model is
not needed. It can even be argued that the subsonic model can
be used for simulation. However, here a simple expression is
shown that at least capture the main effects. In the subsonic
regime induced drag can in general be calculated from:
CDi =

CL2
peA

(22)

This can be rewritten as:
C2
CDi = La a 2 = CDia 2 ,sub a 2
peA

(23)

For a straight wing in supersonic flow there is no leading edge
suction. This means that the lift dependent drag can be found
from the lift from trigonometric relations:
CDi,sup = CL tan(a) ⇡ CL,sup a = CLa 2 ,sup a 2 = CDia 2 ,sup a 2
(24)
Using Eg. (14) yields
4
CDi,sup = S0 a 2
(25)
b

5
4

di 2

3
2

C

elevons and/or canard. In the transonic region the moment
characteristics can be very complex and show dramatic variations. However, this requires a more detailed analysis of the
aerodynamics, and a high fidelity geometric model that is not
available in conceptual design, normally the aircraft should
not operate in the this region so it is of less importance for
performance predictions. A simple model that captures the
main effect of moving the neutral point a quarter cord is:
MAC
Cm = Cm0 CL
fM
(21)
4
where fM is a factor that is typically less than one. For a
straight wing fM = 1 but for e.g. a cranked delta wing fM < 1.
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Figure 6: The coefficient for induced drag with respect to a 2 .
The dotted line is without leading edge suction and the dashed
line is with leading edge suction. The solid line is a blend of
both for a high Mach cone angle

5

Comparison of contributions to drag

In order to have an idea of the importance of the different drag
components an example with coefficients chosen to loosely
resemble the F-16 flying at 10000m with a weight of 12000kg
was made. Calculation the corresponding drag contributions
using:
v2
D = CD r
(28)
2
where r = 0.4kg/m2 (corresponding to an altitude of 10000
m) and the speed of sound a = 295 m/s. The mass of the
aircraft was set to 12000 kg resulted in a required lift force of
L = 117840 N. The lift coefficient was then calculated from
L = CL r

v2
2

(29)

which yields:

2L
(30)
rv2
The Drag coefficients are shown in Fig. 7 The contributions
CL =

In the firmly supersonic regime Eq. (23) can still be used if
the Oswald efficiency factor e is replaced with:
esup =

2
CL,sup

pACDi,sup

=

2
CLa,sup

pAS0 b4

(26)

where esub is the subsonic efficiency factor.
For a swept wing the behaviour is more complex. When the
trailing edge of the wing is inside the Mach cone there can
be some leading edge suction, but this leads to another level
of detail that might not be available at the conceptual design
stage. However, once the leading edge of the wing is outside the Mach cone, that is when the Mach number M > M1 ,
the expression derived here for the supersonic induced drag
is valid. Therefore, an approximation suggested here is to
assume that the lift function goes from leading edge suction gradually to a situation without leading edge suction at
M = M1 . When there is leading edge suction the Oswald efficiency factor for the subsonic case is used and then this is
gradually moved to the value for supersonic speed.
e = esub (1

fML ) + esup fML

In this way Eg. 23 can be used for the whole range.

(27)

Figure 7: The contributions of parasitic, the wave drag and
the induced drag as well as the total drag.
of the different drag components are shown in Fig. 8 where
also the total drag is shown. It shows that the contribution of
induced drag is important at supersonic speed. In e.g. a turn,
a load factor for two would increase the induced drag four
times, which would make it on par with the parasitic drag.

6

Conclusion

In this paper a generic model to model trans-sonic and supersonic aerodynamic characteristics is presented. Different

Combination at Transonic Mach Numbers. Technical
Report April, NACA-RM-L52D01, 1957.
[10] Robert T. Jones. Theory of wing-body drag at supersonic speeds. Technical report, NASA, 1953.

Figure 8: The contributions of parasitic, the wave drag and
the induced drag as well as the total drag.
models for different parts of the envelope has been combined
into continuous functions that can be used for flight simulation. One conclusion is that supersonic induced drag can be
substantial and needs to be considered in conceptual design.
Even though the velocity is high, the induced drag coefficient
goes up when leading edge suction is lost. In addition the
neutral point is moved backwards increasing the need for trim
that is further increasing the induced drag.
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Abstract
This paper presents an approach to system-of-systems engineering for product development
with the use of ontology. A proposed method for building as well as using ontology to generate and explore system-of-systems design spaces based on identified system-of-system needs
is presented. The method is largely built to cover the first levels of related work, where a
process for system of systems in the context of product development is introduced. Within
this work, it is shown that scenarios for a system-of-systems can be used to identify needs and
subsequently the system-of-systems capabilities that fulfils them. The allocation of capabilities to possible constituent systems is used to show the available design space. The proposed
method of this paper therefore addresses these initial challenges and provides a framework
for approaching the system-of-systems design space creation using ontology. A case study
is used to test the method on a fictitious search and rescue scenario based on available resources and information from the Swedish Maritime Administration. The case study shows
that a representation of a system-of-systems scenario can be created in an ontology using the
method. The ontology provides a representation of the involved entities from the fictitious
scenario and their existing relationships. Defined ontology classes containing conditions are
used to represent the identified needs for the system-of-systems. The invocation of a description logic reasoner is subsequently used to classify and create an inferred ontology where the
available system-of-systems solutions are represented as sub-classes and individuals of the
defined classes representing the needs. Finally, several classes representing different possible
system-of-systems needs are used to explore the available design space and to identify the
most persistent solutions of the case study.
Keywords: Systems Engineering, System-of-Systems, Ontology, Description Logic Reasoning, Design Space Creation

1 Introduction
Interest in system-of-systems engineering (SoSE) for aeronautical product development has seen steady growth in recent years, and aerospace systems are becoming more and
more interconnected with their operational environments [1].
This, together with rapid advancements in technology, generates a desire for systems to collaborate to achieve capabilities that are not reachable by the individual systems alone [2].
In an ever-changing world, traditional approaches to product
development for aerospace systems fall short when external
factors such as politics, economics, regulations, technologies and doctrines affect the initially specified requirements
for the systems. This problem becomes more pronounced
when both the long product development time and the expected lifetime for aerospace systems are taken into account.
A system-of-systems (SoS) perspective for product development of aerospace systems puts a focus on SoS needs and
the required SoS capabilities that fulfil them. The corresponding requirements for Constituent Systems (CS) are sub-

sequently generated depending on the intended SoS architecture [1]. This SoS conceptualization of aerospace product development consequently takes the process to a more abstract
level, where capabilities that are not achievable by the individual systems can be generated through system collaboration. A definition of SoS presented by [3] states that a SoS
is separated from a typical complex system by five characteristic properties. These are operational independence of components, managerial independence of components, geographical distribution of components, evolutionary development of
components and that the system experiences emergent behaviour. This definition of SoS is used throughout this paper.
A proposed holistic product development in a SoS context
was presented in [1], where the process of development was
divided into five main levels of interest. The proposed SoS
design process can be seen in Fig. 1.
The first level of interest presented in Fig. 1 describes how
the needs and boundary conditions of the SoS can generate
SoS capabilities from possible scenarios. It is stated in [1]

c The Authors, 2019.

Figure 1: A representation of the holistic SoS design process from [1]. This paper covers the content under Ontology Application.
that analyses can be performed on the process by varying the
initial conditions and boundaries to see how required capabilities respond to changes in the SoS needs. This consequently
generates a design space of available capabilities that fulfil
the SoS needs. The identified SoS capabilities from needs
and scenario analyses can then be distributed to constituent
systems that make up the SoS design space and architecture.
The last two levels of the process describe how CS and
their sub-systems (SS) should be chosen depending on the
requirements generated in the previous levels. It is believed
that ontologies are needed to connect the SoS process levels
in a coherent way using common language and semantics.
The work presented in this paper therefore aims to provide
a method for approaching the first two levels of the SoSprocess and generating a SoS design space as presented in [1]
using ontology. Furthermore, the influence of changing SoS
needs on the available capabilities and SoS design space are
also subject to investigation. This paper thereby contributes
to the realization of the first two levels of interests shown
in Fig. 1. A simple search and rescue (SAR) mission based
on the Swedish Maritime Administration [4] is used as an
implementation example to test the proposed method.

2 Frame of reference
The goal of the presented work is to provide a method for
breaking down SoS needs into suitable capabilities and CS
that together specify an available SoS design space. This
chapter presents work that has been carried out in areas related to this paper and other approaches intended for the problem outlined in the introduction.
2.1

Capability- and system-of-systems engineering

The definition of a system according to the International
Council On Systems Engineering (INCOSE) specifies that
"A system is a construct or collection of different elements
that together produce results not obtainable by the elements
alone". [5]. The term SoS is defined by [6] as "An interoperating collection of component systems that produce results
unachievable by the individual systems alone". As previously
mentioned, [3] specifies that a Complex System or SoS
is distinguished from a "conventional" system’s definition
by five different characteristics properties. [7] presents a

collection of views on SoS including a definition of SoS
types. These include virtual, collaborative, acknowledged
and directed SoS. It is furthermore argued that SoS are
rarely developed as SoS. The process referred to as SoSE is
rather initialized once an assessment of the SoS performance
and capabilities begins. SoSE consequently involves the
planning, analysis, organization and integration of CS.
Capabilities performed by the CS are combined together with
SoSE into SoS capabilities not achievable by the individual
systems [2, 8]. This focus on capabilities for SoS can be
referred to as capability engineering [9]. The process of
capability engineering involves the identification of desired
capabilities to be performed by the SoS, as well as investigating the possible options for attaining these capabilities [10].
Furthermore, [10] presents a method for supporting SoSE in
translations of SoS capabilities into requirements. Unified
Modelling Language (UML) object models are here used to
model and increase the understanding of the involved systems
with their respective functions, thus enabling explorations
and trades to achieve desired capabilities. The Systems
Modelling Language (SysML) has also been used to model
SoS in various studies such as [11] and [12].
Enterprise architecture frameworks for defence industries such as the US Department of Defence Architecture
Framework (DoDAF), the UK Ministry of Defence Architecture Framework (MoDAF) and the NATO Architecture
Framework (NAF) have been used to model SoS in a model
based systems engineering (MBSE) focused approach [13].
These architecture frameworks are intended to capture the
operational, system, service, maintenance and information
views of the SoS, among others. Other main actors within
SoS and identified methods for approaching complex systems and SoS have been presented in [1]. [1] furthermore
describes a holistic product development approach for SoS
as mentioned in the introduction. The first of the proposed
SoS-process levels shown in Fig. 1 describes the SoS needs
and boundary conditions. The understanding of SoS needs
and boundary conditions directly influences the strategic
planning and prioritization, which together with the intended
scenario defines the suitable SoS capabilities.

2.2

Ontology and ontological engineering for system of
systems

A different approach to SoSE involves using ontologies. An
ontology is an "explicit specification of a conceptualization" [14]. This is further explained as a formal and explicit
representation of a given domain that involves knowledge
of the involved entities and the relationships that exist
between them [15]. Ontologies have seen a steady increase
in usage for areas such as systems engineering (SE), SoSE
and capability engineering [16–18]. An ontology can be
used to enhance the interoperability aspect of a system or
SoS [16], and it has been shown in [19] that scalability is also
increased. Another approach to further enhance interoperability but on an ontology level is suggested in [20], where it is
explained that a domain-neutral top-level ontology structure
can support both the creation of new domain ontologies
and the re-usability of existing ones. Top-level ontology
examples can be found in [21]. Domain-specific ontologies
are ontologies intended to describe individual systems or
domains of interest. Such domain ontologies can for example
be found in [22], which describes an ontology for aircraft
design, or [23] where an ontology for information systems
interoperability is presented.
An ontology can be implemented in different ontology
languages. Current standards include languages such as the
Web Ontology Language (OWL) and the Resource Description Language (RDF). OWL is based on RDF, but with the
advantages of being better equipped for description logics
and constraints checking [24]. An ontology made in OWL
is composed of individuals, classes and their properties,
which together are used to describe concepts of the intended
domain modelled in the ontology. OWL supports the use of
description logic reasoners, enabling the creation of more
complex concepts out of simpler ones. Description logic
reasoners can also be used to check for inconsistencies in
the implemented ontology [25]. Different types of reasoners
support different features [26]. Automatic reasoning over
large ontologies requires large computational resources as
indicated in [27, 28]. The scalability for automatic reasoning
is thus hindered by computational resources. Ontologies that
utilize heuristics can contribute to the efficiency of reasoning
in domains containing incomplete data and consequently a
large number of axioms [29]. There are also various optimization techniques which can contribute to the efficiency of
reasoning [28].
Ontology-based approaches for modelling SoS are complementary to UML and SysML due to their ability to
describe chosen domains from different terminologies and
perspectives [18,19]. Studies from Georgia Tech’s Aerospace
Design Laboratory (ASDL) have shown that ontologies
can be used to model and prune the design space of cyberphysical systems in the context of conceptual design [30]. It
has also been shown that matrix-based approaches such as
an Interactive Reconfigurable Matrix of Alternatives (IRMA)
can be used to illustrate and create the available design space
from the knowledge captured in the ontology [31].

The presented frame of reference for this paper has identified
methods and approaches for the modelling and usage of SoS
in the context of aerospace product development. Figure 2
shows a representation of where the proposed scope of this
research is situated. Based on the gathered information, a
method of modelling an ontology intended for design space
explorations on SoS is proposed in the next chapter.

Figure 2: The positioning of the performed work compared to
other areas and disciplines

3

Method

This chapter introduces a method for translating SoS needs
into capabilities, and subsequently a way of generating the
available design space for a SoS. It builds upon the holistic
engineering approach for SoS introduced in [1], which can be
seen in Fig. 1. As mentioned earlier, this holistic engineering
approach suggests that the development is divided into five
levels of interest, where each of the levels are recurrent and
interrelated with each other. The presented levels are associated with a respective design space of solutions that should
be derived by successive investigation and exploration of the
previous levels.
3.1

Design space for system-of-systems capabilities

The first level of the presented process involves the description of the intended scenarios that the SoS is believed to be
situated in during its lifetime. This description includes definitions for high-level frames of interest such as geopolitics,
economics, customer needs, technology, laws and regulations,
which together specify the overall boundary conditions and
needs for the SoS. These initial conditions and needs must
be varied based on different possible scenarios in order to
achieve a holistic perspective on the intended SoS [1]. The
influence and uncertainty of the high-level frames of interest
are thereby evaluated. Suitable capabilities that can fulfil the
needs should then be identified in order to generate the SoS
capability design space. The capability design space is also
subject to changing boundary conditions and needs, and a
similar approach by varying scenarios should be used to increase the understanding of the available design space. These
variations on initial conditions are used to explore the design
space, consequently identifying the persistent solutions least
affected by changes. These "resistant" capabilities represented in the design space are deemed to be suitable strategical
choices based on the trade of boundary conditions and needs.

The distribution of the chosen capabilities can later be explored in a variety of different SoS architectures where CS
and SS are assigned with the required capabilities. The process explained above is illustrated in Fig. 3.

Ontologies can suffer from a reinventing-the-wheel syndrome where several ontologies are created for the same
domain [32]. It is therefore desirable to consider using
existing ontologies for the SoS design space generation
instead of creating a redundant one [15]. If a decision is
made to utilize existing external ontologies, these should be
modified to fit the intended formalism of the ontology under
development.
3.2.3

Figure 3: A detailed view of the needs to SoS capability process.
The method proposed in this paper suggests that ontology
should be used to represent the main components presented
in Fig. 3. The ontology provides a mapping of the involved
actors and high-level frames of interest as well as the existing
relationships between them. The following section describes
a suggested approach for modelling an ontology intended for
SoS design space generation and exploration.
3.2

Ontology design and usage

An ontology can be created in several ways, and it is even
argued that there is no one correct way of modelling a domain
since it depends on the application in mind [15]. The ontology
creation method introduced in this paper is largely based on
guidelines presented in [15] and [20], and is intended to be
used with OWL. It follows eight successive steps which are
illustrated in Fig. 4.
3.2.1

Step 1

The aim of the initial step is to determine the scope of the
content and domain that is to be represented. Typically, this
would correspond to the intended usage for the SoS to be
developed, for example SAR.
Step (A) in Fig. 4 is an intermediate step which introduces the option of using a top-level ontology structure.
There are several benefits with top-level ontologies that are
explained in [32]. These include improved interoperability
between domain ontologies.
3.2.2

Step 2

Holistic analyses of possible scenarios for the intended
SoS domain and scope are used to identify entities to be
implemented in the ontology. Such entities include laws,
regulations, weather conditions, available assets, capabilities, needs and more. It is important to specify terms and
vocabularies carefully to enable coherent formalism so that
ambiguity in definitions is avoided.

Step 3

The third step in the ontology development process involves
the definition and creation of all classes based on the entities
identified in step 2. This is typically done in a hierarchy
structure with classes and sub-classes. The identified SoS
needs of the analysed scenarios should also be defined as
classes. Different approaches can be used when developing
the class hierarchy as described in [15]. It is important that
unequal classes are defined as disjoint for the later invocation
of the description logic reasoner.
Step (B) is optional and can be used if a top-level ontology structure is to be utilized. Top-level ontologies include
predefined classes that provide an overarching framework
for organizing the knowledge of different domain ontologies [32]. The classes and eventual domain ontologies that
represent the intended SoS should consequently be allocated
to the existing framework of the chosen top-level ontology.
3.2.4

Step 4

This step is used to describe the internal structure, existing
relationships and properties of the previously created classes
of the ontology. The associations between the classes should
come from the scenario analyses in step 2, where the relationships between the different entities are identified. Classes
should also include properties that describe them. These
properties can include values in the form of numbers and lists.
Cardinality specifications are used to describe the number of
relationships a class can have in a min., max. or exactly logic.
Further explanations and details of available properties and
cardinalities in OWL can be found in [15] and [25]. Finally,
classes can be defined as either primitive or defined. The differences between these are so-called necessary and sufficient
conditions. A primitive class only includes necessary conditions while a defined class includes at least one necessary
and sufficient condition. The use of defined classes allows
for the automated classification and computation of class relationships in the ontology by a description logic reasoner. This
is particularly useful when building large ontologies [25]. The
classes representing the SoS needs and boundaries should be
specified as defined classes for the reasoner to associate available solutions to the necessary and sufficient conditions specified in them. This process is further explained in chapter
4.1.
3.2.5

Step 5

Instances should represent the lowest granularity of the modelled ontology domain. This is described in [15] as "Indi-

Figure 4: Ontology development process in the context of SoS design space generation.
vidual instances are the most specific concepts represented in
a knowledge base". They represent the lowest level of detail for the intended domain and should be related to suitable
corresponding classes of the ontology.
3.2.6

Step 6

The sixth step is used to invoke a description logic reasoner
to check the consistency of the implemented ontology. The
reasoner will classify the ontology and build an inferred ontology based on the previously defined relationships, properties and conditions of the different represented classes and
instances. This process will associate the previously implemented classes representing the SoS needs of the ontology
with all classes and individuals that have fulfilled the specified conditions. It will consequently show the available SoS
design space as sub-classes and individuals to the inferred
need classes. If the reasoner classifies the ontology as inconsistent, step 8 needs to be performed.
3.2.7

Step 7

It is recommended that the credibility of the inferred ontology and populated classes representing the needs should be
evaluated. The ontology may prove to be consistent but include unreasonable or unwanted inferred relationships of the
reasoner. If such unwanted relationships or results exist, step
8 needs to be carried out.
3.2.8

Step 8

This final step in the process presented in Fig. 4 is only to
be performed if inconsistencies or unreasonable results or
relationships exist in the inferred ontology. Possible corrections should be performed in the definition of classes and
their relationships, properties and conditions. OWL supports
the usage of various ontology debuggers that can prove to be
useful for finding the source of any inconsistencies [33]. Unreasonable results can be further investigated by description
logic querying, where the inferred ontology is used to answer
"questions" about specific classes or instances [34].

The end result of the process shown in Fig. 4 is an inferred ontology where the defined need classes represent
the available SoS design space. This process both creates
and reduces the available SoS design space based on the
description of needs identified from the possible scenarios
for the intended SoS.

4

Implementation of case study

In order to test the proposed method of creating a SoS design
space from specified needs with an ontology, a simple case
study based on the operations and resources of the Swedish
Maritime Administration (SMA) was performed. According
to statistics, SAR at sea has accounted for approximately
60% of the operations performed by the SMA during the past
three years and is a good example of a SoS where changing
circumstances can affect the available solutions.
The scenario considered for the case study is fictitious
and solely based on the available assets, regulations and
capabilities of the SMA. It is also worth mentioning that
the purpose of the case study is not to provide a complete
ontology for Swedish SAR but instead to test the validity and
usefulness of the proposed method in this context. Hence,
the implemented scenario is kept simple in order to show
the possibilities of the proposed method even at low levels
of scenario detail. The use of a top-level ontology was also
excluded for the purpose of this case study.
Following the process shown in Fig. 4, a SAR scenario
was determined as the domain to be modelled in the ontology. This fictitious SAR scenario was created based
on available information such as the assets, resources and
regulations of the SMA [35] and is illustrated by a simple
sketch in Fig. 5.
The scenario shown in Fig. 5 illustrates that there is a subject situated in the sea near Gothenburg, Sweden. The subject
can make a distress call and indicate a position. Information

Figure 5: A fictitious scenario based on available assets and
resources of the SMA.
about the distress call is forwarded to the Joint Rescue Coordination Centre (JRCC) located in Gothenburg. The JRCC
can dispatch suitable and available assets for the SAR of the
subject. The available assets considered in this scenario are
Bombardier Dash 8 Q300 aeroplanes, AW 139 helicopters
and two fictitious kinds of sea vessels: fast and slow. The
environment is associated with weather conditions, temperatures and time of year and day.
4.1

Ontology modelling

The process of identifying all entities and relationships to be
modelled in the ontology involved detailed scenario analyses
where available capabilities and assets were broken down
into functions and means. Information flows between entities such as communication links were determined as well as
the relationships between assets and their corresponding subcomponents. After identifying entities and relationships to be
represented in the ontology, the class and sub-class definition
was initiated. The case study was implemented in the Protégé
ontology editing software, which is based on OWL [36]. The
class structure of the study was created using a top-down development process where the most general classes, such as
System and Environment, were created first [15]. The class
definition was done in a "is_a" manner, which meant that all
sub-classes of an intended class inherited its properties. A depiction of the case study class hierarchy can be seen in Fig. 6.
Classes not equal to each other are defined as disjoint.
The identified needs of the SoS are represented as the solution
classes in Fig. 6 and are explained in more detail further
down. The available assets of the case study are represented
under the system classes which are defined by the various
sub-system classes of the hierarchy structure. Figure 7 shows
an example of how the HelicopterSystem class is defined.
The properties, cardinalities and conditions describing
the various classes in the hierarchy were based on specifications of SMA assets, resources and available capabilities.
The fictional sea vessel’s properties were estimated based on
high and low speed sea vessels for SAR. Mapping between
capabilities, functions, systems and other classes was carried
out to create the relational properties between all entities
represented in the ontology hierarchy. Assets and resources

Figure 6: The ontology class hierarchy for the intended scenario.
capable of performing the functions or capabilities from the
former breakdowns were related to their respective function.
Once a satisfactory mapping of the relationships between
classes was achieved, the step of implementing the lowest
levels, or instances, of the ontology was performed. The
instances for this case study represented specific individuals
such as an AgustaWestland 139 helicopter which is part of
the SMA assets [35]. These individuals were assigned data
properties describing their individual performances. Figure
7 shows the definition of a HelicopterSystem and the AW139
instance within the case study ontology.
It should be noted that the instance values described in Fig. 7
do not include any units. The data properties describing the
relationships are instead assigned comments describing the
intended units. The hasOperationalRange data property,
for example, has the unit of kilometres in this case study.
The instances of the sub-systems are defined for the sake of
simplicity as various types indicating that resources can be
composed of different alternatives such as different types of
radar.
Finally, the solution classes describing the intended SoS
needs were specified and given necessary and sufficient
conditions. This was done so that the Solution classes were
defined as equal to specified needs of the SAR scenario.
The procedure was carried out by describing the required
capabilities, functions and performances in the necessary and
sufficient conditions of the Solution classes. An example of
such a class can be seen in Fig. 8. The conditions described
in the Solution classes of this case study are, as with the SAR
scenario, fictitious and are only used to show the intended
process of the method. It can be seen in Fig. 8 that the class
describes a need for both a search and a rescue capability. It
furthermore specifies that the rescue vessel needs to be able
to carry at least 10 persons and have a length of 15 (meters)
or above.

sufficient conditions. These results are shown in Figs. 9 and
10.

Figure 9: The inferred solution class structure (top) and
the description of Solution classes 1 and 2 (bottom). Solution1 describes a need for a search capability and a minimum
speed, while Solution2 requires both search and rescue capabilities.

Figure 7: The definition of the HelicopterSystem class (top)
and the AW139 instance (bottom), where both are defined by
respective object and data properties.
4.2

Ontology usage

In order to classify the ontology, check consistency and obtain
the available sub-classes and instances of the Solution classes,
a description logic reasoner needed to be used. Protégé has a
set of default reasoners as well as additional reasoners available through plug-ins. The default Pellet reasoner was considered suitable for this case study and was used throughout
the implementation process. (For a detailed comparison of
available reasoners in Protégé, see [26].) The reasoner was
invoked to classify the ontology and consequently generate
the logically inferred hierarchy. This process generated the
available SoS design spaces as sub-classes and individuals of
the defined Solution classes that could fulfil the necessary and

Figure 10: The description of Solution classes 3 (left) and 4
(right). Solution3 specifies a need to keep the cost under a
specified cost per hour.

Figure 8: The necessary and sufficient conditions specified
for the Solution4 ontology class.

By comparing all inferred design spaces, it can be seen
that the individuals with the highest reoccurrence represent

It can be seen in Fig. 10 that the Solution4 class from Fig. 8
has been populated with the AW139 and SlowBoat individuals
due to their fulfilment of the necessary and sufficient conditions specified in the class description. It should be noted
that Solution4 has been inferred as a sub-class of Solution2
in Fig. 9. This is due to the solutions described in Solution4
also fulfilling the conditions in Solution2. It is possible to
carry out design space explorations by defining several solution classes based on different possible SAR scenarios and
needs as illustrated in Figs. 9 and 10. Figure 11 shows the
available design space for all Solution classes. The Solution2
class describes needs for both search and rescue capabilities.
All individuals in the Solution4 class fulfil the conditions and
are subsequently part of the solution for the needs described
in Solution2.

Assets and resources can be guessed and evaluated based on
the scenario and epoch analysis of the intended SoS.

Figure 11: The inferred SoS design spaces where the Solution2 class is shown in the middle with corresponding individuals and Solution4 as a sub-class.
the most persistent solutions. The consequent SoS design
space generated with the method is available in the OWL
file of the inferred ontology and can be exported for further investigations and analyses. Such analyses can for
example include determining the most suitable number of
assets described by the inferred individuals based on Measure
of Effectiveness (MoE), which is not provided by this method.
Finally, this case study has shown that the proposed
method can be used to generate SoS design spaces for SAR
and specified needs from a SoS scenario.

5 Discussion
The method proposed in this paper is intended to be used
for any SoS design space creation and delimitation. The
implementation of the case study was based on a fictitious
existing SoS. This can be referred to as a near-term SoS
where available resources and how best to use them are
investigated. The method and consequent use of ontology
allows for the evaluation of new resources in combination
with existing ones. New resources and capabilities can be
introduced to the ontology structure and can be related to
the existing entities. The use of a reasoner can once again
prove useful for automatically expanding the ontology with
new resources depending on their description. A new entity
with a capability to fly can, for example, automatically be
placed as a sub-class of AirborneSystem if an AirborneSystem
has been defined with necessary and sufficient conditions
specifying that an airborne system has the capability to fly.
This ability makes ontologies highly scalable and flexible for
introducing new entities to the modelled domain and building
up taxonomies. However, this comes at the cost of increased
computational time for automatic reasoning as described in
section 2.2.
A combination of existing and new SoS solutions can
be referred to as a mixed SoS. It is also possible to use the
proposed method for analyses of long-term SoS where no
existing resources are available. This typically corresponds
to creating a SoS from scratch where only vague definitions
of possible needs and capabilities are defined and related.

As mentioned in the frame of reference, there are supplementary methods for ontologies available for modelling
and performing analyses on SoS. Enterprise architecture
frameworks have been successfully used to describe SoS as
well as intended scenarios in a SysML or UML language [13].
Relational databases have a similar structure to ontology,
and it is possible to describe a SoS with all entities and the
relationships that exists between them here as well. However,
the advantage with ontologies is that they work under the
previously mentioned open world assumption which, together
with an ability to perform description logic reasoning, can
be used to infer implicit knowledge of the intended domain.
This implicit knowledge can reveal emergent behaviours of
the SoS which are very important and desirable to understand
at an early stage of development [17]. Nevertheless, ontology
has some limits when it comes to inference by a reasoner.
Such limits are shown in detail in [34], where inference
is used to a high degree on an ontology. The presented
method is, as previously mentioned, built upon existing
methods for creating an ontology. There are many available
methods and pieces of software for creating an ontology.
Protégé was chosen as the implementation software due to
its compatibility with OWL and RDF, as well as the support
for description logics. The proposed method of this paper is
however neutral in terms of the choice of software and could
be used provided that the software supports a description
logic reasoner.
An important delimitation of the presented case study
is the exclusion of a top-level ontology structure. This was
mainly excluded due to the fact that no existing ontology
was to be used for the implemented example. The use of
a top-level ontology would also imply a large increment
in the class hierarchy structure and size, which would
make the ontology less comprehensible to the human eye.
Furthermore, the ontology for the case study was, as previously mentioned, implemented to show the possibilities
for creating and exploring the SoS design space and not to
provide an extensive ontology for SAR operations. However,
the inclusion of a top-level ontology can be utilized at a
later stage if desired due to the scalability and flexibility of
ontology structures. This would require some restructuring of
the class hierarchy to fit the top-level ontology properly, but
would also enable re-usability and combinability with other
ontologies that utilize the same top-level design. The scope
of the modelled SAR case study was kept at a simple level
to visualize the goal of the proposed process and method. It
could however easily be expanded to include more details
about the domain and available system components. The
example components shown in Fig. 7 could be replaced
with actual sub-system representations that have their own
sub-classes and instances, leading to a question about fidelity
levels in the ontology. The fidelity or detail level of the
ontology is determined at the very beginning of the proposed
method in Fig. 4. This is however also expandable at a later

stage due to the flexibility of ontologies. The results obtained
in Figs. 9 and 10 show that the SoS needs can be represented
as demands for the necessary performances and capabilities.
The usefulness of this strategy becomes increasingly distinct
in ontologies featuring a larger number of resources and
possible solutions. The reasoner becomes a valuable asset for
inferring knowledge and creating the available design space
in larger ontologies.
The results in Figs. 9 and 10 show that the available
solutions are instances of the Solution classes. It is possible to use the method in order to generate sub-classes
representing the available design space as a complement
to a set of individuals. The open world assumption that
OWL ontologies work under can, however, complicate class
inferences. A closed world assumption assumes that data
which does not exist is false, while an open world assumption
sees non-existent data as simply unknown. Ontologies
consequently do not make any assumptions about incomplete
data. This means that ontology classes can include more
entities that are simply not yet known unless the class has
been explicitly stated not to do so using closure axioms [25].
The open world assumption is also a reason why ontologies
are so flexible and easy to expand. Instances are, however,
easier to work with since they represent the lowest level of
the intended ontology and are less affected by the open world
assumption.
Finally, the implemented case study is still under development at the time of writing this paper. More SMA
information and resources must be implemented in order
to generate a larger pool of available solutions for the SoS
design spaces. More detailed capability and functional
breakdowns are subject to implementation to obtain a more
comprehensive picture of the existing relationships in the domain. Additionally, more extensive design space explorations
will be performed by defining more solution classes based on
scenario and epoch analyses of the case study. As mentioned
in section 3.1, varying the initial conditions to increase the
understanding of the design space is an important future
addition to the case study.

6 Conclusions and future work
The proposed method introduced in this paper has shown that
a design space of possible SoS solutions can be generated
using ontology. An implementation of a search and rescue
(SAR) case study was carried out to test the method and show
the process of building an ontology for SoS design space generation. Several ontology classes describing different needs
were implemented and populated with suitable instances representing solutions by a description logic reasoner. This corresponded to a small design space exploration which was used
to identify the most common solution elements of the SoS.
The future work of this study involves the expansion of the
case study and extraction of the SoS design space generated in
the inferred ontology file. Similar approaches to those presented in [31] can be used to transfer the information from the
ontology to matrix-based approaches. This transfer allows

for more advanced numerical calculations and optimizations
needed for the remaining levels of interest proposed in [1].
Furthermore, the design space generation of this paper has
only shown available types of solutions and no number of required assets. Future work includes the determination of the
most suitable SoS architectures with regard to number and
collaboration of assets. The work so far has, however, shown
that ontologies provide a resilient way of exploring and generating SoS design spaces based on specified needs. It contribute to the ways of approaching the complex challenges of
today’s product development.
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Abstract

The aircraft design process involves the interaction among disciplines with different nature.
Finding an optimal concept is a trade off task that requires time and experience from designers and engineers. Multidisciplinary Design optimization (MDO) methods help to automatise
and to simplify that complex task, aiming to obtain design solutions that comply with multiple requirements and constraints at once. The present work seeks to develop a conceptual
design framework of a remotely piloted aircraft (RPA). A review on this subject is presented, identifying different MDO approaches. The analysed disciplines of aeronautical design
are: geometry, aerodynamics, weight, performance, stability and flight dynamics. The relationship among them are presented in a block diagram. Afterwards, a technique of MDO is
applied to the framework, assembling a mono objective problem using the Particle Swarm
optimization (PSO) algorithm to minimise aircraft structural mass under stability constraints.
This objective is obtained from dimensional parameters of feasible aircraft concepts as output
solution of the process. Therefore, the MDO method speeds the design process up, without
employing the traditional trial and error approach, which, as well as doesn’t guarantee the
achievement of an optimal configuration, turns the process slow and expensive.
Keywords: Conceptual design. MDO. optimization. PSO. RPA.

1 Introduction
The global market and international competition lead aeronautical industry to continuously improve its performance in
the engineering design process [1]. As described by Raymer
[2], the aircraft design process can be divided into three major
phases: conceptual, preliminary and detail design. The design
changes have a lower cost in the conceptual phase than in the
subsequent ones, following a trend shown in Fig. 1. This
figure presents the cost increasing as the project advances in
time and also how the impact of design changes decreases as
the level of detail increases.
Aiming to reduce time and improve design confidence level,
the application of new design automated methods is welcome.
”As the aircraft design is multidisciplinary by nature, the need
to apply Multidisciplinary Design optimization (MDO) methods is well understood and accepted" [4]. ”The main motivation for using MDO is that the performance of a multidisciplinary system is driven not only by the performance of the
individual disciplines but also by their interactions" [5].
Furthermore, the operation of remotely piloted aircraft (RPA)
is drawing an increasing attention in military and civil sectors because of the absence of human operators on board,

Figure 1: Cost and impact of design change over product
time, adapted from [3].

what reduces operating costs and expands capabilities. These
aircraft are also called unmanned aerial vehicle (UAV) and
defined according to the US Department of Defence (DoD)
as: ”a powered, aerial vehicle that does not carry a human operator, uses aerodynamic forces to provide vehicle lift, can fly
autonomously or be piloted remotely, can be expendable or
recoverable, and can carry a lethal or nonlethal payload. Bal-

c The Authors, 2019.

listic or semi ballistic vehicles, cruise missiles, and artillery
projectiles are not considered unmanned aerial vehicles” [6].
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The application of RPA, which had been largely military since
the 1950s, has expanded into the civilian market. Tasks such
as battlefield observation and surveillance have been replaced
by monitoring of urban areas, plantations and power transmission lines or simply recreation, in the form of model aircraft
with imaging systems. Table 1 lists examples of civilian uses
of RPA.

”A remotely piloted aircraft system (RPAS) comprises a number of subsystems which include the aircraft, its payloads,
the control station(s) (and, often, other remote stations), aircraft launch and recovery subsystems where applicable, support subsystems, communication subsystems, transport subsystems, etc." [7].

Table 1: Examples of civilian uses of RPA, adapted from [7].
Area

Example

Aerial Photography
Agriculture

Films and advertising videos
Crop monitoring and spraying and
herd monitoring and driving
Search and rescue, coastline and
sea-lane monitoring
Pollution and land monitoring
Power line inspection, wind turbine
inspection
Fire detection and incident control

Coastguard
Conservation
Energy Industry
Fire Services and
Forestry
Gas and Oil Ind.
Information Services
Lifeboat Institutions
Local and Police Authorities
Meteorology
Traffic Agencies
Ordnance Survey
Survey Organisations
Water Boards
etc.

Land survey and pipeline security
News information and pictures, feature pictures, e.g. wildlife
Incident investigation, guidance
and control
Survey, disaster control, search for
missing persons, security and incident surveillance
Sampling and analysis of atmosphere for forecasting
Monitoring and control of road
traffic
Aerial photography for mapping
Geographical, geological and archaeological survey
Reservoir and pipeline monitoring

Another application of RPA is as research platform in academic and industrial spaces, aiming to develop aeronautical
knowledge and employee qualification. Two factors are of
key importance: the reduced dimensions allow the aircraft to
be produced in small laboratories and by few people and the
costs are very small when compared to the development of a
manned aircraft. All electronic components, for example, are
readily available from online stores, and a small specialization is needed to integrate a complete airframe.
The present work focuses on establishing a MDO process
dedicated to the design of RPA and displays the recent advances in that purpose. The next section presents a brief literature review, followed by the proposed methodology. The
numerical studies section details some simulations and optimization results applied to a small aircraft design.

Bibliography review

Sobieszczanski-Sobieski and Haftka [8] presented a revision
about multidisciplinary optimization in aerospace design, focusing on the multiple ways that engineers deal with the main
challenges of a MDO process: computational cost and organisational complexity. According to the authors, it’s possible to
identify three categories of MDO problems. The first includes
problems with two or three interactive disciplines, where a
single analyst might acquire all necessary knowledge. At analysis level, this can lead to the creation of a new discipline
responsible for the interaction between the involved disciplines, as aeroelasticity or thermoelasticity. The next category
includes works in which the multidisciplinary optimization of
the entire system is executed at a conceptual level by simple
analysis tools. The third category includes problems that focus on organisation and computational challenges and develops techniques able of solving them.
Sobester and Keane [9] proposed a Computer Aided Design
(CAD)-based UAV conceptual design framework and discussed some of the challenges arising at the conceptual level.
The design workflow was described from the mission profile until the structural model and flow analysis. The basis
of MDO study was the flight envelope resulted from the performance analysis of the aircraft. The results of six MDO
iterations were achieved combining three different values of
negative twist and two values of outboard sweep angle, showing the maximum wingtip deflections versus the maximum
L/D ratios. The authors concluded that commercial, off-theshelf, CAD tools could be integrated into the design process
as early as the conceptual level, providing the models required
by the various strands of multidisciplinary analysis.
Landolfo [10] outlined a structural and aerodynamic design
of an UAV with multiple lift surfaces. The author investigated if a particular nonplanar wing concept could achieve the
requirements of the mission of a small reconnaissance, surveillance and target acquisition UAV. The results, compared
under varying assumptions specific to an equivalent monoplane and biplane, suggest that potential efficiency gains for
the new configuration may be possible using the nonplanar
wing configuration under explicit conditions. However, a
conventional monoplane concept is suggested, given the areas
of study covered in the paper.
Lundstrom et al. [11] proposed a distributed framework for
micro aerial vehicle (MAV) design automation. A discrete
propulsion system modelling is combined with a parametric
CAD model and a panel code for aerodynamic performance
prediction. The design optimization has been divided into two
successive parts through a genetic algorithm. The first one
runs without invoking CAD and aerodynamic analysis tools
until convergence is achieved. The second part uses the pre-

vious optimum solution as the starting point to consider these
time-costly software. The process runs until the results from
the first and second part agree. The author suggests that the
design framework is a helpful tool in MAV design. However,
it is necessary to ensure the proper balance and size restrictions are met and the MAV must have large enough volume to
accommodate its intended components.
Agte et al. [12] affirmed that the origins of MDO are found
in the development of structural optimization. The inclusion
of other disciplines into the process was a natural evolution,
since the aerodynamics, propulsion and performance variables, for example, are intrinsically related to the structural efficiency. Initial processes were developed in sequential levels,
where variables and objective functions were uncoupled, and
later it was possible to study in a single optimization block
with as much as possible coupling among disciplines.
Medeiros [13] developed an UAV for monitoring and sensing agricultural activities. The methodology applied to the
prototype construction, the UAV development, the monitoring and processing of captured aerial images are presented in
this master’s thesis. The results are considered satisfactory
due to the design requirements and to the image quality of
tillage areas.
Martins and Lambe [5] performed extensive research about
MDO architectures, classifying them in monolithic (a single
optimization problem is solved) and distributed (the same
problem is partitioned into multiple subproblems). A unified
description with terminology, mathematical notation and diagram development was provided aiming to compare the benefits and drawbacks of each category. The authors suggest
that it is necessary to test multiple architectures on a given
MDO problem to determine which one is most efficient for
each case. The work is a powerful tool to find the most appropriate architecture for the optimization problem.
Elmendorp et al. [14] developed a conceptual design method
and analysis of conventional and unconventional aircraft. Initially, the top-level requirements (TLRs) in combination with
a chosen design configuration and design objective are translated into a first estimate of the aircraft’s geometry and its
associated key performance indicators. A fully parametrized
multi-model generator generates input data for the disciplinary analysis tools, including weight, aerodynamics, landing
gear sizing, engine and cost. The verification of the software is performed by comparing the output data of a conventional configuration aircraft with another reference aircraft
with similar TLRs, resulting in satisfactory error rates. The
authors also analysed four different configurations demonstrating the variety of the configurations that may be designed
and analysed as well as the validity of the comparison.
Bryson et al. [15] presented a multidisciplinary design analysis and optimization of quiet small unmanned aerial systems (SUASs). A multi-objective, non dominated sorting
genetic algorithm (NSGA-II) was used to find the Paretooptimal trade space for maximising range and minimising
vehicle noise. The design variables were wing area, aspect ratio, taper ratio, maximum camber, maximum camber location,

maximum thickness and loiter speed. The constraints were
angle of attack, propulsion weight, fuel weight and thrust required. The study provided suitable fidelity for early (conceptual to preliminary) design and ratified noise as a discipline
integrated at the conceptual design level.
Hosseini et al. [16] applied a decoupling Uncertainty-based
Multidisciplinary Design optimization (UMDO) method to
design UAVs as a case study, using a genetic algorithm optimization method and sequential quadratic programming (SQP).
The optimizer is located at system level within which UAV
design parameters (a total of 37) are achieved in a way that,
observing the problem’s constraints (a total of 33), optimization criterion (overall mass of the UAV) becomes minimum.
In order to provide an algorithm without uncertainties, it was
necessary to identify the doubtful sources of the parameters,
eg fuel consumption and aerodynamic coefficients. Then, the
method proposed by the authors was applied to a study case,
generating an increase in the objective function of the problem (mass). This result was justified as an algorithm way out
to compensate for failure probability and elevate the chance
of success to 100%.
Papageorgiou et al. [17] developed a MDO framework applied to UAV design focusing on radar signature and sensor
performance considering also flight trajectory. The optimization problem of the case-study considered was about improving the performance of the aircraft over a specified mission
while simultaneously considering the efficiency of the stealth
and surveillance systems. One of the objectives was the minimisation of the Maximum Take-Off Weight (MTOW). The
proposed MDO framework took into account aircraft’s geometry, aerodynamics, trim, stability and simulation of the
mission. The solution of the present optimization problem
was achieved by implementing a single and a multi-level decomposition architecture. The proposed multidisciplinary optimization and analysis framework had the potential to significantly enhance the performance of the design when mission,
stealth, and surveillance requirements must be considered.
Analysing the references cited previously, a work like
Landolfo [10] elucidates the difficulties found during the unmanned aircraft design process, due to the lack of availability
and reliability of historic regressions and design coefficients.
”The potential consequences of early design decisions made
with insufficient data include missed opportunities to increase
vehicle performance and cost overruns to meet performance
metrics or correct design defects" [15].
It is explicit the dependence between the mission requirements and the methodology adopted during the design process and the chosen optimization method. According to Martins and Lambe [5], there are many architectures available to
solve the optimization problems, and they must be presented in diagrams, such as those found in Bryson et al. [15],
Hosseini et al. [16] and Papageorgiou et al. [17]. It is notorious that the disciplines related to airworthiness, like propulsion, mass, structures, aerodynamics and stability, receive
more attention in an optimization framework than disciplines
that are not in the field of aeronautics. Hosseini et al. [16]
and Papageorgiou et al. [17] integrated into their framework

non-conventional disciplines like noise and radar signature,
respectively, demonstrating the potential of an embracing architecture integrated in an optimization process during the aircraft conceptual design phase.
2.1

Design phases

The division of the aircraft design into the three major phases,
already cited above, is important to establish limits for decision making regarding to passing to subsequent phases and
finally to manufacturing. In the first phase, the conceptual
design, the objective is to develop alternative concepts that
meet the problem solution. No excessive details should be
taken into account in this phase since it would delay the process but also add many constraints. The second phase, the
preliminary design, performs the definition of product layout
configuration, technical and economically analysed. The detailed design, the third phase, is responsible for its final detailing, including meticulous documentation of the product and
planning of the manufacturing process.
2.2

The aircraft mission defines the payload onboard in a determined velocity and range, utilising a certain type of engine.
”The functional analysis is a process of translating system requirements into detailed design criteria and the subsequent
identification of the resources required for system operation
and support" [18]. Examples of functional criteria of RPA
design includes maximum weight or span, operating altitude,
range, fuselage volume, launching method, etc.
Multidisciplinary design optimization

The MDO technique was developed for complex engineering
systems involving multiple disciplines or subsystems. The
space design is explored in a form that the variables of interest are optimized under some constraints, simultaneously
and automatically, until a satisfactory design point for all disciplines is found.
According to Agte et al. [12], the general formulation of an
optimization problem can be written as
min
s.t.

f (x, p)
x = [x1 , ...xn ]T , p = [p1 , ...pm ]T
xi,L.B.  xi  xi,U.B. , i = 1, 2, ...n
g(x, p) < 0,

One of the most important considerations when implementing MDO is to find a way of organising each discipline analysis models, simplified models and the optimization method
agreeing with a correct problem formulation, as discussed by
Martins and Lambe [5]. The MDO architecture is the combination of the problem formulation with the organisational
strategy, allowing to identify how the different models are
coupled and how the overall optimization problem is solved,
depending if its structure is monolithic or distributed. This
organisation itself is a challenge. The next section describes
the strategy and framework proposed in the present work.

3

Design requirements

The customer’s needs have to be translated into design requirements, mostly through customer plus engineering requirements. The first ones refer to objectives as articulated
by the customer or client. The engineering ones refer to
the design and performance parameters that can contribute to
achieving the customer requirements [18]. The system engineering is fundamental in this process, because, as design
requirements are a formalisation of all basic characteristics
that involve an aircraft design, gross mistakes might occur if
those are not well defined.

2.3

vector of fixed parameters that influence the behavior of the
system but cannot be freely chosen (material properties, operating conditions,..), and g and h are vectors of inequality
and equality constraints, respectively. However, when dealing
with multiple disciplines, it might be a difficult task to solve
the minimization problem at once, and different strategies
must be sought.

(1)

h(x, p) = 0,

where f is the objective function, x is a n-dimensional vector of design variables with lower and upper bounds, p is a

Proposed methodology

This works aims to develop a conceptual design tool of RPA
integrated with an optimization algorithm. At this stage of
the work, it is applied to a Mini UAV category, which is capable of being hand-launched and operating at ranges up to
30 km, according to Austin [7]. The tool considers aircraft
with conventional configuration tractor or pusher with a payload bay with a single tail boom leading to a conventional,
cruciform or ”T” tail configuration without landing gear and
electric propulsion system.
The first step to develop the design tool is to outline clearly
the objectives of the conceptual design phase. Then, it’s necessary to organise a framework aiming to reach a viable
concept that meets the mission requirements. The framework
structure depends upon the conceptual design process of unmanned aircraft. It can be expressed through a block diagram
relating the various disciplines addressed in aircraft design
such as aerodynamics, weight and stability. Afterwards, the
optimization method can be applied, defining the project variables, objective function and constraints.
3.1

Remotely piloted aircraft conceptual design

The unmanned aircraft design process differ from the manned
ones, once the information source, historic regressions and
design coefficients are not available or are not reliable [19].
In this work, the following disciplines of aeronautical design
are analysed: geometry, aerodynamics, weight, performance,
stability and flight dynamics. The wing and tail geometry
are calculated according to Gudmundsson [20]. Weight prediction is based on the volume calculation of each structural
component and multiplied by a material density. Aerodynamics coefficients are calculated using Roskam Class II methodology [21]. Performance estimates are found from Traub
[22] formulation. Stability derivatives are predicted from empirical data presented in Roskam [23]. Flight dynamics are
analysed based on Cook [24] methodology.

3.2

Particle swarm optimization

problem must be assembled according to Eq. 1, resulting in

”A PSO algorithm explores the design space of the objective function by adjusting the trajectories of the individual
agents, also called particles, as these trajectories form piece
wise paths in a quasi-stochastic manner" [25]. The movement of a swarm particle consists of two components: one
stochastic and another deterministic. Each particle is attracted toward the position of the current global best b⇤ and its
own best location x⇤i in history, while at the same time it has
a tendency to move randomly. The aim is to find the global
best among all the current best solutions until the objective no
longer improves or after a certain number of iterations.
The position vector xi and the velocity ui for the particle i are
utilised to determine the new velocity vector as
ui t+1 = ui t + ae1

[b⇤

xi t ] + b e2

[x⇤i

xi t ],

(2)

where e1 and e2 are two random vectors that vary between 0
and 1 and the parameters a e b are acceleration constants.
The initial velocity for the particle may be taken as zero
ui t=0 = 0. Then, the new position is updated as
xi t+1 = xi t + ui t+1 .

(3)

According to Yang [25], the pseudo code of a PSO algorithm
can be written as follows:
Initialise positions xi of the n particles
Evaluate objective function f (x), x = (x1 , ..., x p )T
Find b⇤ from min{ f (x1 ), ..., f (xn )} at t = 0
while (criterion)
t = t + 1 (Iteration counter)
for loop over all n particles and all p dimensions
Generate new velocity ui t+1 (Eq. (2))
Calculate new locations xi t+1 (Eq. (3))
Evaluate objective function at new locations xi t+1
Find the current best for each particle xi ⇤
end for
Find the current global best b⇤
end while
Output the final results xi ⇤ and b⇤

Cma < 0,
Cnb > 0,
12.5% < SM < 17.5%,
lAl p < 0 e lAlg < 0.

(5)

In the above problem, x and p are the design variables and
parameters vector, defined as
2
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The components of the vector of design variables x are described in Table 2. The vector p of design parameters considers characteristics relating to tail and fuselage geometry,
aerodynamics, propulsion, flight control and materials. Some
of the parameters are listed in Table 3.

Table 2: Design variables of the optimization problem in
study.
Area/N

(4)

Therefore, a corresponding value l for each constraint will
penalize the computed objective, turning the penalty function
into the new objective function l f (x).
3.3

s.t.

f (x, p) = Mtot
xi,L.B.  xi  xi,U.B. , i = 1, 2, ...9

The constraints considered in this study are presented in Table
4 and correspond to flight quality parameters. These are just
a small set of constraints, but play an important role in the
final design configuration. This is a key condition for future improvements, since constraints such as aeroelastic conditions (divergence and flutter) or structural response (wing
root stress) can be easily implemented.

In order to add constraints to the PSO problem, it’s possible
to transform it into an unconstrained problem by using the
penalty method. When some constraint is not respected, a
penalty parameter may be used, for example,
l = e10|g(x)| .

min

Definition of the optimization problem

This paper aims to investigate a mono objective constrained
optimization utilising a PSO technique. The optimization

1
2
3
4
5
6
7
8
9

Design variable
Wing geometry
Aspect ratio
Area
Taper ratio
Sweep of the leading edge
Wing root location relative to fuselage
length
Fuselage
Fineness ratio
Tail geometry
Aspect ratio of horizontal tail
Aspect ratio of vertical tail
Distance of both horizontal tail c̄/4 to
wing c̄/4 along the x-axis relative to c̄

Symbol
AR
S
l
LLE
xrw /l f us
l f us
ARHT
ARV T
lHT /c̄

These disciplines are organised in a N ⇥ N design diagram in
order to outline the inputs and outputs regarding to each dis-

Table 3: Design parameters of the optimization problem in
study.
Area/N
1
3
4
10
11
12
17
18
19
20
23
25
26
31
34

Design parameter

Symbol

Tail geometry
Tail boom radius
Horizontal tail volume coefficient
Vertical tail volume coefficient
Fuselage
Internal volume
Aerodynamics
Operating altitude
Cruise velocity
Wing airfoil
Tail airfoil
Propulsion
Electric motor mass
Electric motor power
Flight control
Battery capacity
Battery mass
Servomotor mass
Materials
Density
Payload
Payload mass

rT B
VHT
VV T

1
2
3
4

Constraint
Stability
Pitching moment due to
angle of attack derivative
Yawing moment due to
sideslip derivative
Limits of static margin
Real part of eigenvalues of matrix of longitudinal and lateral directional dynamics

(1)

Vol f us

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

PSO

H
V•
-

Design
Fuselage
Sizing
Wing
Geometry
Tail
Geometry

MMot
PMot

Mass
Properties
Aerodynamics

CBat
MBat
MSrv

Performance
Stability
Flight
Dynamics

rMat

Figure 2: Proposed optimization diagram.

MPL

Table 4: Design constraints of the optimization problem in
study.
Area/N

The proposed framework is implemented completely in Python language and takes advantage of open source packages.
All disciplines are implemented in specific functions, organised such that the input and output variables are available at
the Design block. A 3D plotting function was also implemented to better visualise the final concept and identifies the general dimensions of the aircraft, as well as the centre of gravity
position of the main parts.

Equation
Cma < 0
Cnb > 0
12.5% < SM < 17.5%
llong < 0 and llat < 0

cipline and also between them. This approach allows a multidisciplinary and integrated framework converging between
subsystems.
The implemented code is organised according to the diagram
shown in Fig. 2, that is an adaptation of a complete N ⇥N diagram, with information running only in one direction. Here,
the main design code calls each discipline from left to right,
and thus the information to each block comes always in this
direction. The final feedback comes from each block to the
Design block, and then to the PSO algorithm. It means that
there the result from each block on the right only comes back
to a block on the left after updating data in the main design
block.

4

Numerical studies

The remotely piloted aircraft conceptual design tool is applied
to the design of a small RPA. The aircraft described in 4.1 is
considered as basis for the mission and design requirements
for a case study. The application of the methodology is limited to conventional configurations, such as tube and wing,
with electric propulsion.
4.1

Reference model

The chosen reference aircraft is the Spy Owl 200 Research
Version presented in Figure 3. It is a commercial RPA designed exclusively for research. The main technical specifications of the Spy Owl 200 are presented in Table 5, from
where stand out the Maximum Take-off Weight (MTOW) and
span, including take-off and landing method, characteristics
that have a great impact in the aircraft structural mass.

Figure 3: Spy Owl 200, a reference model for the present
study, adapted from [26].

Table 5: Technical specifications of the reference aircraft, the
Spy Owl 200, adapted from [26].
Characteristic

Value

Wing span
Length
MTOW (Hand-launched)
Autonomy
Typical mission altitude
Maximum payload mass
including batteries
Take-off method
Landing method
Structure

2.01 m
1.53 m
6.5 kg
2 hours
75-1500 m AGL
2.7 kg

Cruise speed
Maximum speed
4.2

Hand-launched
Belly landing
Extremely robust full
composite structure
14 - 22 m/s
40 m/s

Design requirements

The design requirements of the case study aircraft of a potential client proposed by the authors are presented below:
• The aircraft should be capable of being easily transported between operation sites;

4.3

Initially, it is necessary to define the set of input variables, and
their lower and upper bounds. Those values are presented in
Table 2. The values of some of the design parameters vector
p are listed in Table 7. Those values are fixed for the entire
process.
At this point, there is still a need for a careful interference of
the designer, since the limit values should be chosen based
on engineering knowledge, and especially considering experience or known references. The limits of the wing and tail aspect ratio are estimated according to Gudmundsson [20]. The
limits of wing area are defined by the authors based on the
reference model. Gudmundsson [20] also presents reference
values for taper ratio and sweep angle of the wing leading
edge. The fuselage fineness ratio is estimated based on Nicolai and Carichner [27]. The variable lHT usually has a value
between 3c̄ and 6c̄, where c̄ is wing mean aerodynamic chord
(MAC). Then, in tail geometry discipline, the variable lHT is
multiplied by c̄. The same procedure is adopted for xrw . The
maximum value of this variable is (l f us cr )/2, where cr is
wing root chord.
Table 6: Lower and upper bounds of the design variables of
the optimization problem in study.

• The aircraft should be light enough to be hand-launched;
• The aircraft should be recovered from a belly landing;
• The aircraft should be capable of being remotely piloted
or to fly autonomously with interference of a human operator;
• The aircraft should transmit the flight data real-time for
ground system.
The RPA mission is to carry a research payload with a determined mass utilising electric propulsion.
The functional requirements are:
• Maximum mass of 6.5 kg;
• Maximum span of 2 m;
• Cruise speed of 20 m/s;
• Hand-launched by the operator;
• Recovered by belly landing;
• Operating altitude of 100 m.
RPA used as research platform in academic laboratories, for
example, may have a reduced number of subsystems. The
launching requirements induce the absence of landing gear,
reducing system complexity. The transporting requirement
between operating sites induces to the facility of carrying
RPAS by an operator between one place and another. The
maximum mass requirement is associated with the physical
resistance of an operator responsible for the launching.

Input data

N

Variable xi,L.B.

xi,U.B.

Unit

1
2
3
4
5
6
7
8
9

AR
S
l
LLE
xrw /l f us
l f us
ARHT
ARV T
lHT /c̄

11
0.5
1
10
1
6
5
2.5
6

[-]
[m2 ]
[-]
[deg]
[-]
[-]
[-]
[-]
[-]

6
0.05
0.3
0
0
3
3
1
3

The values of VHT and VV T are the same utilised by Landolfo
[10]. The tail taper ratio and sweep of the leading edge are
chosen in order to simplify the design. The fuselage volume
is based on the volume of propulsion and flight system components and in an estimate of payload mass.
In order to estimate the aircraft centre of gravity, a table with
the estimated location in x, y e z and mass of each of the basic
component is assembled and is updated through the process.
This allows updating the aircraft mass and inertia properties
for each design.
4.4

Minimisation of aircraft structural mass

Since propulsion and flight control systems are fixed, as
well as payload, the objective is to minimise aircraft structural mass, finding the optimal geometry that respect all constraints. To start the optimization, the number of particles
is 50. There are two stop criteria. The first one is related
to a minimum number of iterations that the best value of the
objective function is not updated. It means that if the best
value of the global objective function remains the same for

Table 7: Fixed design parameters of the optimization problem
in study.
Area/N
1
3
4
10
11
12
17
18
19
20
23
25
26
31
34

Parameter
Tail geometry
rT B
VHT
VV T
Fuselage
Vol f us
Aerodynamics
H
V•
Wing airfoil
Tail airfoil
Propulsion
MMot
PMot
Flight Control
CBat
MBat
MSrv
Materials
rMat
Payload
MPL

Value

Unit

0.015
0.675
0.0375

[m]
[-]
[-]

0.0062

[m3 ]

4.5

Final concept

The final result obtained from the optimization defines an aircraft concept, which should be the basis for the next design
phases. The history of iterations of the global objective function for the optimized concept is presented in Fig. 5. More
than 4000 iterations were necessary to achieve the optimal
result. That means one hour running in a personal notebook,
with an Intel Core i5-4210U processor, at 1.7 GHz.

100
[m]
20
[m/s]
NACA2412 [-]
NACA0012 [-]
0.082
438

[kg]
[W]

3
0.346
0.1

[Ah]
[kg]
[kg]

1420

[kg/m3 ]

0.5

[kg]

1000 iterations, the code considers it as a convergence. The
second stop criteria is related to the standard deviation of the
last 1000 best global values of the objective function. If this
standard deviation value is lower than 0.001, the code also
converges.
Objective function iteration histories for 10 runs are shown in
Fig. 4. The different initial values are due to random estimates of the PSO. The evaluations of the objective function
(artificial value of the aircraft mass due to penalty factors)
varied within 1.64 and 1.8 kg, resulting in an error of approximately 9.8% for this analysis.

Figure 5: Objective function iteration history of the final
concept.
Figures 6 to 8 show the evolution of aircraft configuration at
different iteration steps of history shown in Fig. 5. The aircraft configuration at iteration number 1 is presented in Fig. 6.
The length and span dimensions are larger than the following
cases, what impacts in the total weight. This configuration
doesn’t respect all imposed constraints, especially the static
margin, that is equal to 2.4 %.

Figure 6: Aircraft configuration at iteration number 1.

Figure 4: Objective function iteration history.

An intermediate condition can be seen in Fig. 7 obtained at
step 2000. It is a configuration already very similar to the final
concept, shown in Fig. 8. The sweep angle is already similar,
and the tail boom is shorter than the initial one. The final span
is 1.289 m, with a small taper, with chord varying from 0.150

m at the root to 0.116 m at the tip. The mass practically did
not change after iteration 1400, reaching a value near 1.71 kg.
The final convergence was achieved at iteration 4150 because
no better value was obtained after 1000 steps.

Table 8: optimized design variables obtained in the case
study.
N

Variable

xgbest

Unit

1
2
3
4
5
6
7
8
9

AR
S
l
LLE
xrw /l f us
l f us
ARHT
ARV T
lHT /c̄

9.67
0.17
0.77
8.47
0.13
3⇤
3.69
2.17
3.87

[-]
[m2 ]
[-]
[deg]
[-]
[-]
[-]
[-]
[-]

Table 9: Output data from the optimization problem in study.
Area/N
1
Figure 7: Aircraft configuration at iteration number 2000.

11
11
11
12
34
34
34
34
34
34
34

Figure 8: Aircraft final configuration.
The optimized design variables vector is presented in Table 8.
The star ⇤ indicates that the specific design variable stopped
into the lower bound defined in Table 6. In this case, the fuselage fineness ratio gets lower because the volume is constant,
and thus the MDO process tries to control the CG position
and the inertia values, due to the static margin constraint.
Some of the output data from the optimization problem are
presented in Table 9. In the aerodynamics block, iw and iHT
are the incidence angles of the wing and horizontal tail, respectively, CD0 is induced drag coefficient and k is defined as
1/(peAR), where e is Oswald’s efficiency. In the performance
block, E is endurance and R is range estimate. In the stability
block, Clb is the rolling moment due to sideslip derivative and
Cyb is the side force due to sideslip derivative.

Parameter
Mass properties
Mtot
Aerodynamics
iw
iHT
CD0
k
Performance
E
R
Stability
Cma
Cnb
Clb
Cyb
SM

Value

Unit

1.71

[kg]

3.23
1.31
0.055
0.041

[deg]
[deg]
[-]
[-]

36
44

[min]
[km]

-0.584
0.0
-0.079
-0.412
12.5

[1/rad]
[1/rad]
[1/rad]
[1/rad]
[%]

The solution respected all imposed constraints. The output
data from aerodynamics are in the expected order of magnitude. The moment coefficient derivative in respect to the
angle of attack Cma is negative, ensuring longitudinal static
stability to the aircraft. The yaw moment coefficient derivative with respect to the sideslip angle Cnb is zero. It respected
the imposed constraint, but it was different from the expected
(Cnb > 0) to ensure directional static stability.
The eigenvalues of the longitudinal and lateral directional dynamics, describing short period characteristics for example,
are presented below:
8
<

9
6.8 ± 7.32 j
=
9.21 ⇥ 10 2 ± 0.551 j
llong =
:
;
1.31 ⇥ 10 4 + 0. j
llat

8
9
< 116.43 + 0. j=
0.247 ± 1.6 j
=
:
;
3.17 + 0. j

(7)

(8)

5 Concluding remarks
This paper describes the development of a tool for remotely
piloted aircraft conceptual design considering a MDO framework integrated with a PSO optimization algorithm. The tool
embraces diverse aeronautical engineering disciplines (aerodynamics, stability, flight dynamics, etc.), all coupled into a
single driver code that handles all design information. This
way, it’s easier to perceive how an integrated process can facilitate decisions among a multidisciplinary team.

[4] Plamen Roglev. MDO Framework for Conceptual
Design of Closed Wing UAV. International Journal
of Scientific Research Engineering & Technology (IJSRET), 2(8):526–531, 2013.
[5] Joaquim R. R. A. Martins and Andrew B. Lambe. Multidisciplinary Design Optimization: A Survey of Architectures. AIAA Journal, 51(9):2049–2075, 2013. ISSN
0001-1452. doi: 10.2514/1.J051895.

A numerical study is presented, aiming to obtain a concept
of a small RPA. The case study considers the definition of
multiple variable constraints, which requires certain expertise
by the designer. Sometimes, the range of each variable differ
considerably from the usual general aviation values, usually
proposed by consecrated references, like Roskam [21] and
Raymer [2]. The number of subsystems, and consequently,
parts, decrease when the designer’s team is dealing with unmanned aircraft. This happens, mainly, because it’s not necessary to add life support and comfort systems. Also, dimensions are smaller, and the aerodynamics parameters are
affected, for example. Therefore, to consider the constraints
of RPA missions using known general aviation methodologies
is still a challenging task.

[6] B. Leonard. Department of Defense Dictionary of Military and Associated Terms: As Amended Through April
2010. DIANE Publishing Company, 2011. ISBN
9781437938203.

This is an ongoing development work. The disciplines analyses are implemented in Python language in form of independent packages, called by the main code. So, new disciplines can be easily added or the ones already present can be
improved. The same approach is applicable to the optimization method, once the RPA design code is also a module to be
called in the routine.

[9] Andras Sobester and Andy Keane. Multidisciplinary design optimization of uav airframes. In 47th
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, Structures, Structural Dynamics, and Materials and Co-located Conferences. American Institute of Aeronautics and Astronautics, May 2006. doi: 10.2514/6.2006-1612.

List of Abbreviations and Acronyms
CAD Computer Aided Design.
MAV micro aerial vehicle.
MDO Multidisciplinary Design optimization.
RPA remotely piloted aircraft.
RPAS remotely piloted aircraft system.
UAV unmanned aerial vehicle.
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Abstract
Most of all modern commercial and military aircraft have oleo-pneumatic shock absorbers in
their landing gear. An oleo-pneumatic shock absorber consists of a gas charge and an oil fill.
During the stroke oil is forced through orifices which provides damping, while the gas charge
is compressed and acts as a spring by increasing the stiffness of the shock absorber. Typically,
when the gas behaviour is modelled, the ideal gas law is used as the equation of state as this
provides in most cases adequate fidelity with relatively light computational load. However,
in a fighter aircraft, especially in naval service, the gas pressure inside a shock absorber
raises too high during landing for the ideal gas assumption to be valid. Therefore, other
well-established equations of state have been considered. These are Van der Waals, RedlichKwong-Soave, and Peng-Robinson equation of state. This paper presents a multi-physics
simulation model of a two-chamber oleo-pneumatic shock absorber based on fundamental
analytical equations. Using this model, the behaviour of the aforementioned equations of state
are studied in two cases: quasi-static and dynamical compression. The simulation results are
compared to laboratory measurements. This comparison verifies that the ideal gas law should
not be used when modelling naval fighter aircraft shock absorbers.
Keywords: Fighter aircraft, Shock absorber, Modelling, Simulation

1 Introduction
Essentially every modern aircraft, military or civilian, has
some kind of landing gear. While there are many different
landing gear configurations, most of them have a shock absorber to dissipate the kinetic energy related to landing.
Typically, shock absorber are either using a solid spring made
of steel or rubber or a fluid spring. Solid spring shock absorbers are used in light aircraft and fluid springs in heavier
aircraft. The most common shock absorber type is an oleopneumatic shock absorber. These have a high damping to
weight ratio and are used in most modern fighter aircraft. An
oleo-pneumatic shock absorber has both a gas charge, typically nitrogen or dry air is used, and a hydraulic oil fill. [1]
The gas charge acts as a spring when compressed. Becoming
stiffer as the compression continues. Depending on the initial
charge pressure, and the amount of gas and the stroke, the
pressure increase can be very high. Especially in the case of
naval fighter aircraft, because of their high sink speed during
landing.
Usually, when modelling these shock absorbers using fundamental analytical equations, the gas and liquid volumes are
modelled separately as control volumes. These can exchange
mass and heat between control volumes that has the same substance, i.e., nitrogen or hydraulic oil. Between different substance control volumes only heat is transferred.

There are two ways to model the thermal behaviour of the
gas control volumes. The first method is to model the gas
compression as a polytropic process. This method depends
on the chosen polytropic constant. For a slow rate of compression the polytropic constant approaches 1.0, which would
indicate a isothermal process; whereas higher rates approach
adiabatic process and a value of 1.4 for the constant could be
used. Typically, if the gas and oil are separated, value of 1.35
is found to give accurate results, and 1.1 if the gas and oil is
mixed. [1], [2]
Second method to model the gas is to use general internal energy model that is based on the first law of thermodynamics.
This is a more accurate method, as in the first method the
thermal exchange is only represented by one constant, and as
such is a simple model.
The thermal behaviour of a gas volume based on the internal
energy model uses a gas equation of state (EOS) to define
the density and its derivatives. Therefore, the chosen EOS
affects the predicted pressure and stiffness of the shock absorber. One of the simplest EOS is the ideal gas assumption.
However, models based on this assumption behave poorly in
high pressures [3]. For this reason, it is assumed that using the
ideal gas assumption, when modelling a naval fighter aircraft
shock absorber, produces poor results.
A schematic view of a naval fighter aircraft shock absorber
is shown in fig. 1. It is a two-stage oleo-pneumatic shock
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absorber, meaning that there are two chambers: primary and
secondary chamber. The primary chamber is filled with gas
and oil, just like a conventional oleo-pneumatic shock absorber, while the secondary chamber is filled with high pressure gas only.
As the shock absorber is compressed, the oil is forced from
the bottom part of the primary chamber to the upper part
through an orifice that is controlled with a metering pin,
which has a variable cross-section. It is typically modelled using orifice flow model with a stroke dependent cross-section
( [4], [5]). This approach is also used in this paper.
If the stroke is long enough, the primary chamber hits endstops and the secondary chamber is engaged. The secondary
chamber has a high stiffness due to the high pressure. Therefore, a rapid increase in the force is required for the shock
absorber to further compress.

2

The shock absorber model

Balancing the forces that affect the moving parts of the shock
absorber yields the following equation
Fsa = msa g pu Amp pL (AL Amp )
A ph (pu p ph ) AHP pHP Fµ1 Fµ2 Fµ3 .

(1)

To solve this equation, the pressure must be solved inside the
primary chamber, orifice support and secondary chamber. In
addition, there are several sources for friction: friction of the
primary chamber, viscous friction of the main cylinder and the
friction of the secondary chamber. These must also be modelled. Figure 2 shows the pressure and friction sources inside
the shock absorber. Due to the limited length, this paper only
covers the most important parts of the model. A more detailed
explanation of the model can be found in [6].

Figure 1: A schematic view of a two-stage oleo-pneumatic
shock absorber.
The model presented in this paper is based on the aforementioned control volume approach. The gas volumes has
been modelled using the general internal energy model using different EOS. These are the ideal gas assumption, Van
der Waals, Redlich-Kwong-Soave, and Peng-Robinson EOS.
Using the model two different cases are considered: quasistatic compression and dynamic compression. Both cases are
simulated using the shock absorber model and the results are
compared to those acquired by laboratory measurements. The
aim of the measurements were to discover any abnormal behaviour and to provide more detailed information how the
shock absorber behaves under different conditions. The aim
of this paper is to provide a shock absorber model based on
the internal energy model. The aim of this paper is to present
a naval fighter aircraft shock absorber model based on fundamental analytical equations using the internal energy model.
In the model, different EOS are considered, and it is shown
that the pressure inside the shock absorber rises so high that
the ideal gas law becomes inaccurate. Therefore, more accurate EOS should be used.

Figure 2: Pressure and friction sources inside the shock absorber.
2.1

Liquid volumes

The model is based on connected thermal-hydraulic and gas
volumes together that exchange heat with each other. No mass
is transferred between the two phases.
Considering a volume of liquid, its density is a function of
pressure and temperature. Differentiating this we get
dr =

✓

◆

∂r
∂p

dp+

T

✓

∂r
∂T

◆

dT

(2)

p

Solving for d p and taking its time derivative yields
dp
1
=✓ ◆
dt
∂r
∂p

T

"

dr

✓

∂r
∂T

◆

P

#

dT .

(3)

The isothermal bulk modulus of a liquid is
bT (p, T ) = ✓

and

aP (p, T ) =

1
r

r
∂r
∂p

✓

Combining equations 9 and 14 and taking time derivative
yields
(4)

◆

T

∂r
∂T

is the volumetric expansion coefficient.

◆

2.2
(5)
p

The continuity equation is
dm
dr
dV
=V
+r
dt
dt
dt

(6)

dm
dt

V

Gas volumes

Considering a gas volume, its rate of change of mass can be
written

dm
dV
=r
+V
dt
dt

r dV
dt

(7)

dp
1
= bT
dt
rV

✓

dm
dt

r

dV
dt

◆
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#

dT
.
dt

(8)

The change in the total energy of the volume, neglecting the
kinetic and potential energies, is
dE = d(mu) = mdu + udm

dp
r

(10)

and in the specific enthalpy

dh =

✓

∂h
∂T

◆

dT +

P

✓
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cP dT + (1

◆

T

1
aT ) dP
r

aT
dP
r

P
)dm + mcP dT
r

(16)

U = mu

(17)

dU = d(mu) = dmu + mdu.

(18)

Using the internal energy, the specific enthalpy of the gas
volume is
h = u + Pv

(19)

and substituting this in equation 18 yields
dU = dm(h Pv) + md(h Pv)
= dm(v Pv) + mdh + m( dPv Pdv)
= dmh dmPv + mdh mPdv mvdP
= dmh dmPv + mdh mPdv V d p
= dmh + mdh V dP Pd(mv)
= dmh + mdh V dP PdV.

dU = hdm + d Q + dW

(20)

(21)

where the work done by the system is
dW = PdV

(12)

(22)

Combining equations 17 and 23 we get
maT
dP.
r

(13)

Now the change in the total energy is equal to the heat exchange with the volume’s surroundings
dE = dQ.

#
✓
◆
dP
∂r
dT
+
.
∂ T P dt
T dt

(11)

and the change in the total energy
dE = (h

◆

On the other hand, using the first law of thermodynamics, the
change in internal energy can be written as

dP =

so the change in the internal specific energy becomes
du = cP dT

∂r
∂P

(9)

where the change in the specific internal energy is
du = dh

"✓

and its total derivative is

Combining equations 4, 5, and 7 with 3, the pressure change
in a volume liquid is
"

(15)

Considering the same gas volume, its internal energy is

and solving for dr/dt we get
dr
=
dt

Q̇ + ( rP h)ṁ aT dP
dT
=
+
dt
mcP
cP r dt
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Taking a time derivative of the above equation and considering the state postulate we have

where
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+m
dt
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Â
i

dmi
h+dQ
dt

(24)

Finally, the derivatives of r are solved from the chosen equation of state.

The most simple way to model the gas behaviour is to use the
ideal gas law:
PV = mrT.
(26)
Most of the real gases in mild temperatures or pressures behave like an ideal gas. However, it does not consider the
volume that the gas molecules occupy or the intermolecular
attraction forces. Therefore, its ability to accurately predict
the gas state decreases as the gas pressure rises.
To take the interaction of the gas molecules into consideration
van der Waals proposed an equation of state [7]
a
)(V
V2

where
a=

b)

rT = 0.

27r2 Tc2
64Pc

(29)

Even though van der Waals EOS is an improvement over the
ideal gas law, several more accurate EOS have been proposed
after its publication. However, most of these, like RedlichKwong-Soave and Peng-Robinson EOS are based on the van
der Waals EOS. So similar behaviour can be assumed.
Soave [8] proposed an EOS based on the works of Redlich and
Kwong [9]. The main difference of these models is that the
constant a has been replaced with a more general temperature
dependent product of aa(T ). It is similar to van der Waals
equation but with some modifications:
aa(T )
)(V
V (V + b)

b)

rT = 0

(32)

(30)

(33)

where m is a substance dependent constant
m = 0.48 + 1.574w

0.176w 2

(34)

defined by the acentric factor w
w= 1

1log10

✓

Psat
Pc

◆

.

(35)

T =0.7Tc

Peng and Robinson noticed that the Redlich-Kwong-Soave
EOS predicted greater specific volumes than found in the literature [10]. To correct this behaviour, they proposed an EOS
similar to Redlich-Kwong-Soave:
⇣

P+

aa(T )
V 2 + 2bV

b2

⌘
(V

b)

rT = 0.

(36)

Here the adimensional factor a(T) is the same as in RedlichKwong-Soave EOS, but m has a different constants in it
m = 0.37464 + 1.54226w

0.26992w 2 .

(37)

According to literature, Peng-Robinson EOS should be the
most accurate of the two-constant EOS presented here. [10]
2.4

and
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and the temperature dependent adimensional factor a
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a = 0.42748024

Friction model

Friction can be modelled using plethora of different friction
models [11]. Here, a widely applied Karnopp friction model
is used ( [11], [12]) to model the friction between the orifice
support and the secondary chamber, Fµ3 :
(
min(|FE |, |FS |)sign(FE ) and v = 0 i f |v| < dv
Fµ3 =
(FC + (FS FC )e 3|v|/VS )sign(v) + FV V i f |v| > dv
(38)
2.5

End-stops

The viscous friction of the main cylinder, Fµ2 is modelled
as a moving cylinder within an envelope. It is based on the
Karnopp friction model, equation 38, but also considers the
viscous friction and the elastic end-stops.
The friction force between the cylinder and envelope is:

Fµ2 =

m1 f2 m2 f1
m1 + m2

(39)

where
f1 = Fext1

Fext2 + Fmin

Fmax + Fmin3 Fmax3
+m1 g RviscVrel

(40)

f2 = Fext3

Fext4

Fmin + Fmax + Fmin2 Fmax2
+m2 g RviscVrel .

(41)

and

the hydraulic cylinder is controlled using PID-controller, so
that the compression is the same during each individual test.
The pressure is measured in the hydraulic cylinder during the
test and the compression force is calculated from this pressure. The test system then produces a graph with the force
as a function of the shock absorber stroke. The stroke, as an
function of time, is given as an input to the model presented
in this paper. The given input normalised with the maximum
shock absorber design stroke is shown in 3.

The contact forces at the lower limit is Fmin , Fmin2 , and Fmin3
are calculated from
Fmin = Kbmin (Xmin Xrel )
✓
◆
(Xmin Xrel)
Dbmin 1 e Pdmin
Vrel

(42)

if Xrel is smaller than the lower displacement limit and zero
otherwise. The contact forces at the higher limit is:
Fmax = Kbmax (Xrel Xmax )
✓
◆
(Xrel Xmax)
Dbmax 1 e Pdmax
Vrel

(43)

and zero if Xrel  Xmax .
2.6

Orifice flow

A flow through an orifice can be described by
ṁ = rcq A

s

2|DP|
r

Figure 3: The stroke data given as in input to the model in the
quasi-static case.
The force predicted by the model and the measured force is
shown in fig. 4. The stroke-force plot is divided into two
distinguishable parts. First, there is the initial part, where
the primary chamber is compressed. This is followed by the
secondary part, where the secondary chamber also activates.
Between these two parts there is a vertical line. The secondary
chamber has an initial stiffness and requires a certain force,
before it activates.

(44)

where A is the area of the orifice subtracted by the area of the
metering pin.

3 Numerical solution
The aforementioned equations were modelled using a commercial multi-domain simulation software LMS Imagine.Lab
Amesim 15, which uses bond graphs to represent systems.
The software has many well-known algorithms to solve ordinary differential equations, based on linear multi-step methods.

4 Validation
The model was used to simulate two different cases: quasistatic and dynamic compression. In the quasi-static case,
the shock absorber is compressed so slowly that the hydraulic damping is negligible, while the dynamic case considers damping also. In both cases simulation results are compared to the actual measured data.
4.1

Quasi-static case

The test setup of the quasi-static case has a hydraulic cylinder
that is attached to the end of the shock absorber. The other end
is rigidly supported preventing its movement. The motion of

Figure 4: Force-stroke curve during quasi-static compression.
Figure 4 clearly shows that the force predicted using the ideal
gas law is poor compared to the measurements. This is apparent, especially during the second part of the stroke due to the
high pressure inside the secondary chamber. It shows that a
shock absorber modelled using ideal gas law is less stiff due to
the lower pressure. The other chosen EOS used in the simulation predict more accurate results. Their force-stroke curves
are almost on top of each other. Even van Der Waals EOS
could be used, although according to literature it’s accuracy
is limited. [3].

4.2

Dynamic case

The dynamic test setup is based on a nitrogen actuator. It has a
tank of highly pressurised nitrogen, which operates a cylinder
that is attached to the end of the shock absorber. The other
end is rigidly supported. With this setup, the shock absorber
can be compressed rapidly.
In the simulation, the measured force, as a function of time,
was given as an input to the model and is shown in fig. 5.
Then the stroke rate and the stroke of the shock absorber was
calculated. These were then compared to the measured values.

In addition, the stroke rate was modelled during dynamical
compression. The results are shown in fig. 7. As the gas is responsible for the shock absorber stiffness, it has little effect on
the shock absorber damping characteristics. Therefore, significant difference between the performance of different EOS
cannot be observed. Ideal gas seems to reach zero stroke rate
a bit slower than the other EOS. It is assumed that this is related to the larger maximum stroke observed.
In both cases the ideal gas law behaved poorly. Interestingly,
the other EOS behaved similarly. However, the results were
analyzed on a general level and more detailed analysis could
show difference in the EOS behavior. In addition, according
to literature, the Peng-Robinson is the most accurate EOS [6]
and should be used.

5

Figure 5: The given input force during the dynamical case.
Figure 6 shows the stroke during the dynamical compression.
As expected, the maximum stroke that the ideal gas law produces is higher than the measured and maximum stroke produced by the other EOS. This is due to the lesser stiffness that
was observed in the quasi-static compression. The other EOS
behave similarly and produce a maximum stroke close to the
measured.

Figure 6: Stroke during the dynamical compression.

Figure 7: Stroke rate during the dynamical compression.

Conclusion

In this paper, a model based on fundamental analytical mathematical equations of a two-stage naval fighter shock absorber
was presented. In the model, gas volumes are modelled using
general internal energy model. This requires derivatives of
the gas density, which is solved from the chosen gas equation
of state (EOS). Different EOS were used in the simulations.
These were ideal gas, van der Waals, Redlich-Kwong-Soave,
and Peng-Robinson. Two different cases were considered:
quasi-static and dynamical compression. In the former case,
the force of a given stroke was measured. In the latter the
stroke rate and the stroke of a given force was measured. Using the model, both cases were simulated and the results from
the simulation were compared to the measured data.
It was assumed that the pressure inside a naval fighter shock
absorber rises so high that the accuracy of the ideal gas law is
insufficient. This was seen in both cases. The ideal gas law
predicted significantly lower reaction force during the quasistatic compression than the other three EOS. Especially, as the
second chamber activates. Similarly, in the dynamic case, the
shock absorber behaved less stiff, when the ideal gas law was
used producing clearly higher maximum stroke.
Based on the aforementioned findings, it is suggested that the
ideal gas law is not used when modelling fighter aircraft shock
absorber. The other EOS were in good agreement with the
measured values. However, the results were analyzed quite
generally and a more detailed analysis is required. Also, there
might be certain situations where the model differences can be
clearly seen.

Designation
a
aP
bT
r
w
A
AHP
AL
Amp
A ph
a
b
cP
cq
Db
dv
E
Fµ
FE
Fext
Fmax
Fmin
FS
Fsa
FV
Fv
g
h
Kb
m
m
ṁ
ms a
Pd
Pc
Psat
p
pHP
pL
p ph
pu
Q
Q̇
Rvisc
r

Denotation

Unit

Thermal diffusivity
Volumetric expansion coefficient
Isothermal bulk modulus
Density
Acentric factor
Flow area
Secondary chamber area
Primary chamber area
Metering pin cross-section
Orifice support area
Constant
Constant
Specific heat
Flow coefficient
Damping coefficient
Relative velocity
Total energy
Friction force
External force
external force
higher limit contact force
lower limit contact force
Stiction force
Force
Coulomb friction force
Coefficient of viscous friction
Gravitational acceleration
Specific enthalpy
lower/higher limit stiffness
Mass
Constant
Mass rate
Shock absorber mass
penetration limit for full damping
Critical pressure
Saturation pressure
Pressure
Secondary chamber pressure
Primary chamber pressure
Orifice support pressure
Orifice support pressure
Exchanged heat
Heat exchange rate
viscous friction coefficient
Specific gas constant

m2 /s

K 1

Pa
kg/m3
m2
m2
m2
m2
m2

T
t
Tc
U
u
V
Vrel
VS
v
W
Xmax
Xmin
Xre f
Xrel

Temperature
Time
Critical temperature
Internal energy
Specific internal energy
Volume
relative velocity
Stiction velocity
Specific volume
Work
higher displacement limit
lower displacement limit
Stroke length
relative displacement

K
s
K
J
J/kg
m3
m/s
m/s
m3 /kg
J
m
m
m
m

J/kgK
N/(ms)
m/s
J
N
N
N
N
N
N
N
N
N/(m/s)
m/s2
J/kg
N/m
kg
kg/s
kg
m
Pa
Pa
Pa
Pa
Pa
Pa
Pa
J
W
J/kgK
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2.3.1 Acoustic measurement stations
Centre for Sustainable Aviation at KTH

.

2 Method

2.1 Aircraft trajectory
live
Automatic
Dependent Surveillance-Broadcast

Figure 1: Photo of the acoustic measurement station.
Depicted is the solar cell and the microphone with fitted
windscreen

2.2 Meteorological data
2.3.2 Microphone

Figure 2: Polar plot of the microphones directivity for the
1/3-octave bands and center frequencies 1, 2, 4, 8, 12.5 and
16kHz
2.3.3 Measurement arrangement

Figure 4: Positions of the measurement stations. The red
circle has a radius of 2 km. The white line shows the
approach path to runway 26R.

Final Approach Point

Figure 3: Change in frequency response of the microphone
after 9 months of use in the field.

3 Results and Discussion

meters per second

3.1 Airbus A320

Figure 2: Second pass-by noise of the Airbus A320 at 19:29
flying over the measurement area. The blur thin right-most
line shows the LAF measured at the FAP-station. The green
line is the Center-station and the yellow line is the Weststation. Blue thick-dotted line shows the airplanes velocity in
m/s while the black thick-dotted line shows the altitude in
meters.

Figure 1: First pass-by noise of the Airbus A320 at 15:49
flying over the measurement area. The blur thin right-most
line shows the LAF measured at the FAP-station. The red line
is the Center-station and the green line is the West-station.
Blue thick-dotted line shows the airplanes velocity in m/s
while the black thick-dotted line shows the altitude in meters.

3.2 Boeing 737

Figure 3: First pass-by noise of the Boeing 737at 05:23 flying
over the measurement area. The blur thin right-most line
shows the LAF measured at the FAP-station. The red line is
the Center-station and the green line is the West-station. Blue
thick-dotted line shows the airplanes velocity in m/s while the
black thick-dotted line shows the altitude in meters.

Figure 5: First pass-by noise of the Airbus A321 at 16:07
flying over the measurement area. The blur thin right-most
line shows the LAF measured at the FAP-station. The green
line is the West-station and blue thick-dotted line shows the
airplanes velocity in m/s while the black thick-dotted line
shows the altitude in meters.

Figure 4: Second pass-by noise of the Boeing 737 at 16:37
flying over the measurement area. The blur thin right-most
line shows the LAF measured at the FAP-station. The red line
is the Center-station and the green line is the West-station.
Blue thick-dotted line shows the airplanes velocity in m/s
while the black thick-dotted line shows the altitude in meters.

Figure 6: Second pass-by noise of the Airbus A321 at 19:55
flying over the measurement area. The blur thin right-most
line shows the LAF measured at the FAP-station. The yellow
line is the West-station and blue thick-dotted line shows the
airplanes velocity in m/s while the black thick-dotted line
shows the altitude in meters.

3.3 Airbus A321

3.4 Further work

Conclusion
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Abstract
The tactical systems and operational environment of modern fighter aircraft are becoming
increasingly complex. Creating a realistic and relevant environment for pilot training using
only live aircraft is difficult, impractical and highly expensive. The Live, Virtual and Constructive (LVC) simulation paradigm aims to address this challenge. LVC simulation means
linking real aircraft, ground-based systems and soldiers (Live), manned simulators (Virtual)
and computer controlled synthetic entities (Constructive). Constructive simulation enables
realization of complex scenarios with a large number of autonomous friendly, hostile and
neutral entities, which interact with each other as well as manned simulators and real systems. This reduces the need for personnel to act as role-players through operation of e.g. live
or virtual aircraft, thus lowering the cost of training. Constructive simulation also makes it
possible to improve the availability of training by embedding simulation capabilities in live
aircraft, making it possible to train anywhere, anytime. In this paper we discuss how machine
learning techniques can be used to automate the process of constructing advanced, adaptive
behavior models for constructive simulations, to improve the autonomy of future training
systems. We conduct a number of initial experiments, and show that reinforcement learning,
in particular multi-agent and multi-objective deep reinforcement learning, allows synthetic
pilots to learn to cooperate and prioritize among conflicting objectives in air combat scenarios. Though the results are promising, we conclude that further algorithm development is
necessary to fully master the complex domain of air combat simulation.
Keywords: Pilot Training, Embedded Training, LVC Simulation, Artificial Intelligence,
Autonomy, Sub-system and System Technology, Aircraft and Spacecraft System Analysis

1 Introduction
The tactical systems and operational environment of modern
fighter aircraft are becoming increasingly complex. As a consequence, conducting training using only live, manned platforms is becoming increasingly difficult. Live training is related to high costs, and air space regulations as well safety
restrictions place limitations on the type of training scenarios
that can be realized. The logistics related to live training may
also lead to poor availability of training. As the possibilities to
do live training decrease, simulation-based training becomes
more and more important.
In an ongoing project within the Swedish National Aeronautical Research Program 7 (NFFP7), we are studying how
the next-generation pilot training systems should be designed
to meet future training needs. In our research we are investigating how machine learning techniques can be used
to construct advanced behavior models for synthetic, intelligent agents. The goal is to develop efficient methods to
generate a wide range of intelligent, adaptive computer con-

trolled allies and adversaries that can create realistic situations adapted for training of fighter pilots. We have identified two subfields of particular interest: Multi-Agent Reinforcement Learning (MARL) and Multi-Objective Reinforcement Learning (MORL) [1, 2]. MARL allows agents to learn
how to achieve their goals in mixed cooperative and competitive multi-agent scenarios, such as an air combat scenario,
while MORL allows agents to learn how to prioritize among
multiple conflicting objectives, e.g. tactical mission goals, resource consumption and safety.
In this paper we discuss how these techniques can help address the challenges related to constructing high quality training simulations. We first give an overview of simulationbased training, and highlight aspects that motivate our work.
We then present a proposed architecture for an intelligent,
synthetic trainer, and machine learning techniques that could
be used to implement it. Finally, we evaluate the approach
in a number of experiments, with promising results, and give
directions for future work.

c The Authors, 2019.

2 Simulation-Based Training

2.1

Simulation-based training is an efficient way of training operators in complex, high-risk tasks. Scenarios with great variety
can be realized at a low cost, without risk of injury. In our
work, we model a typical training process for a simulationbased training system as illustrated in fig. 1. First, simulation
contents are created to meet identified training needs. In the
domain of air combat this could include vehicle models, behavior models for the synthetic operators of these vehicles,
and definitions of the scenarios that they operate in. Then,
in a training session, a briefing is conducted to present and
discuss training objectives and scenario contents, followed by
the actual execution of the scenario. Afterwards, trainee performance is evaluated in a debriefing. Over time, training
needs are updated based on the learning progress of trainees,
as well as input from the organization that they belong, e.g.
due to changes in operational missions.

Computer simulations can be used to augment training in live
systems. One approach is to replace some of the live training with training in simulators, e.g. using ground-based flight
simulators instead of training in live aircraft. Another approach is to embed simulation capabilities in live systems,
e.g. capabilities for generation of synthetic opponents in a
fighter aircraft. It has been estimated that embedded training can improve training effectiveness of live training by 30%
at the same cost [3]. In the Live, Virtual and Constructive
simulation paradigm, the goal is to take things one step further, by seamlessly integrating live systems, manned simulators and computerized simulations in a distributed simulation.
The three categories of simulations are defined as [4]:

External Input

Content Creation

Feedback

Live, Virtual and Constructive Simulation

• Live: Simulations involving real people operating real
systems
• Virtual: Simulations involving real people operating
simulated systems

Training Session
Briefing

• Constructive: Simulations involving simulated people
operating simulated systems (possibly stimulated by real
people)

Debriefing

Execution

Figure 1: Training process.
User roles associated with the training process are illustrated
in fig. 2. The Training Audience are those that we want to
train, in the case of air combat training fighter pilots. The
training environment is provided by a set of Training Providers. The Instructor is responsible for the pedagogical contents of a training session, and is supported by role-players
and operators to provide it. Role-players participate in the
training scenario, but they themselves do not receive training.
Operators work behind the scenes of the training scenario, e.g.
controlling simulation software, such as manual control of
Computer Generated Forces (CGF), to make sure that the simulated scenario progresses in the right direction. In practice,
one single person could act in several roles. For instance, due
to limited resources, one person could act as instructor roleplayer and operator. This typically results in a high workload,
and the desired training scenarios may not be achievable. It is
desirable to reduce the need for training providers, to improve
training efficiency as well as effectiveness.
Simulator Users
Training Providers
Training Audience

_

_

_

Instructor

_

Role-Players

_

_

Operator

_

_

Figure 2: Users of simulation-based training systems.

In the domain of air combat simulation the goal is to integrate real aircraft, ground-based systems and soldiers (Live),
manned simulators (Virtual) and computer controlled entities (Constructive). Such a simulation platform is valuable for
training [5, 6]. An example of an LVC simulation network for
air combat training is illustrated in fig. 3.
Synthetic Red Aircraft
Live Blue Team

Synthetic
Blue Aircraft

Datalink &
Voice COM

Constructive Simulations
Virtual Red A/C-Sim

Virtual Blue A/C-Sim

Ground
Station
Gateway

Simulation Network

Figure 3: An LVC distributed simulation.
Constructive simulation enables realization of complex scenarios with a large number of autonomous friendly, hostile
and neutral entities, which interact with each other as well as
manned simulators and real systems. However, building realistic behavior models for CGF is a significant challenge [7–9],
and consequently support from scenario operators, and possibly human role-players, is still required in many training
scenarios. With improved behavior models, training systems
with a higher level of autonomy could be built, and adaptive training (AT) with contents tailored to the current learning
needs of individual trainees could be provided [10].

3 An Intelligent, Synthetic Trainer
To make pilot training more efficient and effective, we would
like to increase the autonomy of air combat training systems, and minimize the dependence on human training providers. For this purpose, we propose to construct an intelligent, synthetic trainer, which can learn to understand the
learning needs of trainees, and then act accordingly to provide
the best possible training, as well as support for evaluation
of trainees. The synthetic trainer should be able to represent
allies as well as adversaries in a training scenario. We are
investigating how machine learning could be used to create
such an agent. A proposed architecture is shown in fig. 4.

Synthetic Trainer
Environment

Action
Observation

DB

Recording

World Model

Scenario
Adaption

Reward
System

User Needs

Preferences

Profiling

Perception

Decision System

Reward

External Input

Figure 4: Architecture of a Synthetic Trainer.
The agent interacts with an environment, populated by human
trainees as well as other, synthetic agents, who participate in
an air combat training scenario. Users’ training needs must be
considered by a synthetic agent when acting in this scenario,
and thus affect the goals of the agent, as well as preferences
regarding how the agent should try to achieve those goals.
In current training systems user needs are typically handled
manually by an instructor, e.g. when constructing simulation
contents or conducting training sessions, but we would like to
automate this process, by using machine learning to model the
training needs, progress and proficiency of the trainee. These
models could be constructed between training sessions, based
on recordings, or online during the execution of a training sessions, based on the observations of the agent. They can then
be used to automatically adapt the contents and characteristics
of the training scenario.
The agent’s observations of the world are used as input to a
world model, which will create the higher level perception of
the agent. Such models can be used to predict the winner of a
game given a certain state, as well as the skills, beliefs, long
term goals and immediate actions of agents [11–17]. Parts
of the model could be constructed by hand, based on domain knowledge, but we are primarily investigating learning
approaches, such as Supervised Deep Learning or Unsupervised Learning [18, 19]. Since data from real or simulated air
battles, with aircraft operated by human pilots, are not readily
available, the intention is to use synthetic data for training of
machine learning models.
The decision system has capabilities for learning policies suitable for training of trainees. These policies should consider
the goals of the agent in the simulated air combat scenario, as

well as the learning objectives of the trainees. As mentioned,
limited data is available from human pilots. Instead we have
identified reinforcement learning as a promising technique for
implementing this system, since it allows an agent to learn
based on interaction with a simulation. Feedback regarding
the agent’s learning progress is then provided by a reward
system. Reinforcement learning is discussed further in the
following sections.
3.1

Reinforcement Learning

Reinforcement learning is a machine learning paradigm,
which aims to allow synthetic agents to learn how to achieve
their goals by interacting with their environment [20]. In
recent years the technique has had great success in training
agents to solve games, such as Go and StarCraft [11, 12, 21–
23], as well as complex control tasks [24–26].
Reinforcement learning problems are modelled as Markov
Decision Processes (MDP). An MDP is a tuple (S, A, T, R, g),
specifying:
• S: The finite set of states of the process
• A: The finite set of actions of the process
• T : The transition dynamics of the process
• R: The reward function of the process

• g: The discount factor indicating the importance of immediate and future rewards respectively

at

Agent st , rt

st+1 , rt+1 Environment

Figure 5: Markov Decision Process.
As illustrated in in fig. 5, in each time step the agent selects
an action, observes the resulting new state of the environment,
and receives a reward. The objective of the agent is to maximize its future expected return:
•

Vp (s) = E[Rt |s0 = s] = E[ Â g t rt |s0 = s]

(1)

t=0

The state value function Vp (s) specifies the value of being in
state s and then following policy p. Similarly, the value of
being in state s and taking action a, and then following policy
p is given by the state-action value function:
•

Qp (s, a) = E[ Â g t rt |s0 = s, a0 = a]
t=0

(2)

One popular algorithm for reinforcement learning is Qlearning [27], which seeks to estimate the state-action value
function Q(s,a). This algorithm was extended to handle complex, continuous state spaces in the Deep Q-Networks algorithm [28], which uses deep neural networks to represent
the agent’s policy.
3.2

Multi-Agent Reinforcement Learning

In most air combat scenarios, pilots do not act on their own,
but instead must cooperate with allies to achieve their goals,
while competing with enemies. To train teams of agents,
multi-agent reinforcement learning can be used. The single
agent MDP can be extended to include multiple agents in so
called Stochastic Games (SG), where multiple agents interact
with the environment, and the environment state as well as
the rewards of individual agents are determined by the joint
actions of all agents [1]. Stochastic games can be characterized as fully cooperative when all agents have the same
goal, and fully competitive when agents have opposite goals.
Stochastic games that are neither fully cooperative nor fully
competitive are called mixed games. A special case of cooperative stochastic games is the Decentralized Partially Observable Markov Decision Process (Dec-POMDP) [29,30]. A
Dec-POMDP is a tuple (S, {Ai }, T, R, {Wi }, O, g), specifying:
• S: The finite set of states of the process
• Ai : The finite set of actions of agent i
• T : The transition dynamics of the process
• R: The reward function of the process
• Wi : The finite set of observations of agent i
• O: The finite set of conditional observation probabilities
• g: The discount factor indicating the importance of immediate and future rewards respectively

Agent
1

a1,t
o1,t , rt

Environment
aN,t
oN,t , rt

Multi-agent learning presents many challenges, such as coordination among agents and multi-agent credit assignment
(i.e. determining a single agent’s contribution to the success
of a team of agents). As several agents learn concurrently, the
environment may also become non-stationary from a single
agent’s point of view. The Multi-Agent Deep Deterministic
Policy Gradient algorithm (MADDPG) [31] uses a centralized Q function to guide updates of decentralized policies.
The algorithm supports continuous action spaces and mixed
cooperative-competitive scenarios, and is thus suitable for applications in the air combat domain.
Multi-agent reinforcement learning can also be used as a
framework for creating hierarchical policies for single entities in a simulation [32, 33], by placing agents in a hierarchy
where higher-level agents try to reach abstract goals by issuing commands to lower level agents, with increasingly reactive behavior.
3.3

Multi-Objective Reinforcement Learning

Multi-objective reinforcement learning can be used to learn
policies for problems where multiple, possible conflicting objectives must be considered [2]. Typical air combat scenarios
fit this description, since they require that the participating pilots prioritize among objectives such as targets to attack, assets to protect, safety and resource consumption. In training
scenarios, synthetic agents could also consider the learning
objective of trainees, e.g. by adapting their behavior to fit the
proficiency of the trainee. In multi-objective reinforcement
learning the single-objective MDP is extended to a MultiObjective Markov Decision Process (MOMDP). An MOMDP
provides a vector-valued reward function, with each element
representing the reward for one of the objectives. The user
utililty of the vector-valued return of an MOMDP is given by
using a scalarization function, which converts the vector to a
scalar. One option is to use the weighted sum of all values:

o1,t+1 , rt+1

…
Agent
N

and data links, which could also be affected by electronic warfare. In the illustrated Dec-POMDP, agents must try to coordinate their actions to maximize a shared reward. In other
settings agents could have individual rewards, e.g. due to different priorities among members in a team, or due to a competitive scenario.

oN,t+1 , rt+1

Figure 6: Decentralized Partially Observable Markov Decision Process.
Agents in the Dec-POMD, illustrated in fig. 6, can only observe parts of the environment state, since e.g. internal states
of other agents may be hidden. In an air combat scenario observability could be affected by e.g. performance of sensors

Vwp (s) = f (Vp (s), w) =

n

Â vpi (s)wi

(3)

n=1

One approach for solving an MOMDP is to use scalarization directly on the vector-valued reward signal, to convert
the MOMDP to an MDP for a set of preferences, and then
use single-objective methods to find a set of policies [34, 35].
Then, at execution time, the user can select a suitable policy.
By using a stochastic mixture of policies over time for episodic tasks, i.e. selecting one of several policies by random before the start of an episode, further parts of the solution space
can be covered [36]. In our previous work, we proposed an
approach for training a single, tunable neural network policy
to prioritize among a set of objectives at execution time, by
conditioning the network on user preferences [37].

4 Experiments
To evaluate the potential of machine learning, in particular
multi-agent reinforcement learning and multi-objective reinforcement learning, as a tool for building CGF behavior models, we conduct a number of experiments. As simulation platform we use the tactical environment simulation software that
is part of the Saab Gripen Flight Training Simulators. All
simulation results are averaged over five runs with different
random seeds.
4.1

Coordination of a Tactical Air Unit

We first study how multi-agent reinforcement learning can be
used to coordinate the actions of agents that are members of
the same Tactical Air Unit (TAU). For this purpose, we use
the MADDPG algorithm. We also use environments that are
similar to those used in the original paper [31], but implemented in our high-fidelity simulation engine. The increased
complexity of the state space, as well as the increased number
of time steps per simulated episode, add additional difficulty.
We investigate how the algorithm performs in this setting, for
different types of action spaces. The policy is represented
by a multilayer perceptron (MLP), with 2 hidden layers, each
with 64 neurons and the ReLU activation function. We use a
learning rate of a = 10 2 , a discount factor of g = 0.95, and
train using the Adam optimizer.
4.1.1

Figure 7: Rectangular spawn area of blue aircraft, and red
arrows indicating attack directions of red aircraft towards
high-value assets in green.
operation, the learning agents receive a shared reward defined
as:

Coordinated Defense

In this scenario there are three high-value assets that should
be protected by three learning agents. The assets are attacked
by three enemy agents, which are controlled by handcrafted
behavior models, implemented with Behavior Trees [38]. If a
defending agent comes within 5 km of an attacking agent, the
attacker will retreat to its home base, and then attack again.
To protect all three high-value assets, the learning agents must
learn to split up and escort one enemy each from the protected area. The defending agents are initialized with random
positions and headings, while the attacking agents are initialized at random positions along their planned attack routes.
The spawn area of blue aircraft and attack directions of red
aircraft are shown in fig. 7.
The observation space of each agent is the relative position
of all other agents, in a body-fixed coordinate system, for the
last 4 time steps in the episode. We study three types of action spaces. The first two are continuous action spaces, which
allow an agent to fly forward, or turn left or right with a load
factor of 2-4 g. One of these action spaces also allows an
agent to set its internal state as a three element, real-valued
and normalized vector, which is then distributed to the other
agents in the team in each time step. Previous work has shown
that this type of mechanism can allow agents to develop a language for coordination of their actions [31]. The third action
space is a hierarchical approach, with discrete actions that let
the agent select a target and assign it as goal for a lower level
controller. For the first two types of action spaces, the agent
is executed at 1 s intervals, with episodes lasting for 600 time
steps, while for the third type it selects actions at 10 s intervals, with episodes lasting for 60 time steps. To promote co-

rt =

3

Â min(kpai

i=1

pd1 k, kpai

pd2 k, kpai

pd3 k)

(4)

where pai refers to the position of attacker i and pdk refers to
the position of defender k.
The training progress for the low-level action spaces over 90k
episodes is presented in fig. 8, and the training progress for
the high-level action space over 30k episodes is presented in
fig. 9. Agents that are hard-coded to always attack the same
enemy are used as baselines, and their scores averaged over
1000 simulated episodes are also presented in the figures. The
hard-coded baseline is strong, but not optimal, since it does
not consider the initial positions of agents. To perform comparatively well, the learning agents must learn to coordinate
their actions. Two of the agent types can coordinate based on
only observations, while one of the agent types has the benefit
of an explicit communication mechanism, provided that it can
learn a protocol for coordination.
We can see that the low-level, silent controller makes fast initial improvement, but then reaches a plateau. This is because
the agents must first learn to move as a team towards the protected area, before being able to learn the benefits and means
of cooperation. The learning progress during the second stage
of learning is quite slow, and varies among different runs, as
can be seen by the increase in variance. The high-level controller, on the other hand, quickly converges to policies that
perform close to the baseline. The high-level action space
automatically moves the agents towards the protected area, so
that agents can start learning cooperation strategies from the

Figure 8: Mean and standard deviation for the training progress of coordinated defense with a low-level action space,
for silent and communicating agents.

Figure 10: Rectangular spawn areas of aircraft and targets
in blue and green respectively.

rt =

3

Â min(kpti

i=1

pa1 k, kpti

pa2 k, kpti

pa3 k)

(5)

where pti refers to the position of target i and pak refers to the
position of attacker k.
Figure 9: Mean and standard deviation for the training progress of coordinated defense with a high-level action space.
start. The low-level, communicating controller displays faster
improvement, and also finds a policy that generates slightly
more reward than the policy of silent agents. This indicates
that explicit communication mechanisms can be valuable for
efficient cooperation in air combat scenarios.
4.1.2

The agents are trained for 60k episodes. The training progress for the low-level action space is presented in fig. 11, and
the training progress for the high-level action space is presented in fig. 12. Agents that are hard-coded to always attack
the same target are used as baselines, and their scores averaged over 1000 simulated episodes are also presented in the
figures. The hard-coded baseline is strong, but not optimal,
since it does not consider the initial positions of agents. To
perform comparatively well, the learning agents must learn to
coordinate their actions based on only observations.

Coordinated Attack

In this scenario there are three targets that should be attacked
by three learning agents. To carry out the task efficiently, the
agents must learn to split up and attack one target each. The
agents are initialized with random positions and headings in
an area to the south, while the targets are initialized in random
positions in a larger area to the north. The spawn areas of
aircraft and targets are shown in fig. 10.
The observation space of each agent is the relative position of
all other agents, as well as the targets, in a body-fixed coordinate system, for the last 4 time steps in the episode. We study
the same two types of action spaces used by silent agents in
4.1.1. For the low-level action space, episodes last for 500
time steps, while for the high-level action space, episodes last
for 50 time steps. To promote cooperation, the learning agents
receive a shared reward defined as:

Figure 11: Mean and standard deviation for the training progress of coordinated attack with a low-level action space.

4.2

Figure 12: Mean and standard deviation for the training progress of coordinated attack with a high-level action space.

We can see that the low-level controller quickly converges
to a sub-optimal policy, and then does not improve during
the rest of training. Possibly further training episodes could
eventually lead to an improvement of the policy. The highlevel controller makes quite fast progress, but not as fast as
in the experiment presented in 4.1.1. The learning also seems
less stable. While some of the trained agents learn policies
as good as the baseline, others struggle a bit in some episodes. This is possibly because in this scenario targets may
spawn quite close to each other, which makes it difficult for
the learning agents to cooperate based on observations alone.
To further study the performance of the low-level controller,
and its dependence on the starting positions of agents, we conduct an additional experiment, where the aircraft are spawned
in the green area in fig. 10. The training progress for this experiment over 60k episodes, with episodes lasting 300 time
steps, is presented in fig. 13. We can see that the agent
performs better for this scenario, since aircraft start closer to
the targets, which simplifies the task of learning coordination
among agents.

Risk Aware Attack

We now proceed to investigate how multi-objective reinforcement learning can be used to allow agents to learn how to
prioritize among multiple conflicting objectives. We use two
approaches: The outer-loop approach, where the MOMDP is
converted to multiple single-objective MDPs, which are then
solved with single-objective methods to produce a set of fixed
policies [35], and our own approach using a single neural network conditioned on the objective priorities [37], which produces a tunable policy. We then compare the performance of
the two approaches. In these experiments we use DQN as the
core learning algorithm, as in the referenced papers. As previously mentioned, we use a high-fidelity simulation engine for
the experiments, in contrast to the simple, low-dimensional
gridworld environments studied in previous work. The policy
is represented by an MLP, with 1 hidden layer with 64 neurons and the ReLU activation function. We use a learning rate
of a = 10 4 , a discount factor of g = 1.00, a replay-buffer
with 106 samples, and train using the Adam optimizer and
prioritized experience replay [39].
In the studied scenario, the synthetic pilot must reach a target location in an attack mission, while avoiding enemy air
defense systems. The agent must prioritize between time and
safety when selecting a route. For simplicity, we place one air
defense system between the agent’s start position and the target. The agent always starts in the same position, with initial
heading towards the target. The scenario is illustrated in fig.
16.
The observation space of the agent is the relative heading
and distance to the center of the threat area, and the relative
heading and distance to the target, for the last 8 time steps in
the episode. Since DQN does not handle continuous actions,
we must discretize the input to the controllers of the aircraft
model. Thus, we define the agent’s actions space as forward
motion or right or left turns with a load factor of 2-4 g in discrete steps of 1 g. The agent selects actions at 1 s intervals.
Each training episode is a maximum of 400 time steps long.
The episode ends if the agent reaches the target. The reward
vector of the MOMDP is defined as:
rt = [rgoal (t), rtime (t), rad (t)]
dg (t) = kpg (t)

pa (t)k

dad (t) = kpad (t)
rgoal (t) = dg (t

rad (t) =

(

0

1
10 (Rad

dad (t))

(8)

dg (t)

(9)

1)

2

(7)

pa (t)k

rtime (t) = 0.5
Figure 13: Mean and standard deviation for the training progress of coordinated attack with a low-level action space,
when aircraft spawn close to the targets.

(6)

(10)

if dad (t)  Rad ;
if dad (t) > Rad ;

(11)

where rgoal (t) refers to the reward for the objective of moving towards the target, rtime (t) refers to the reward for the
objective of reaching the target fast, and rad (t) refers to the
reward for the objective of staying out of range of the air defense system. pa (t), pg (t) and pad (t) are the positions of
the agent, goal and air defense system, dg (t) and dad (t) are
the distances from the agent to the goal and air defense system, and Rad = 20 km is the range of the air defense system. To scalarize the vector-valued reward of the MOMDP
we define the parameterized vector of priorities among objectives pq = [1, q , q 1], with q 2 [0, 1]. We then calculate
a scalar reward as:
rt = rt · p

(12)

For the tunable agent we sample q from a uniform distribution
of [0.75, 1.00] before each episode, and use it as input to the
agent. We train fixed policy agents for 10M time steps, while
tunable policy agents are trained for 30M time steps. The
training progress for fixed policy agents is presented in fig.
14, for q 2 {0.75, 0.85, 0.95}, and the training progress for
tunable agents is presented in fig. 15.

Figure 14: Training progress for a set of fixed policies with
different priorities among objectives.
We can see that training is somewhat unstable, with spikes
of high variance. The cause may be that small changes in
policy have great effect on the accumulated reward, or that
it is difficult for the agent to learn the characteristics of the
reward function. It is also possible that the low frequency of
the controller or the discretization of the action space has a
negative effect on performance.
Three routes learned for different priorities, corresponding to
high, medium and low risk exposure, are illustrated in fig. 16,
for fixed policies and a tunable policy. The displayed routes
are for single runs, not averaged over several runs or agents,
since agents may choose to go on either side of the center of
the threat area. The routes displayed for the tunable policy
are from one trained agent. We can see that the tunable policy
results in tighter routes around the center of the threat area,
compared to those generated by the set of fixed policies. Finding an optimal route with the given reward system requires a

Figure 15: Training progress for single, tunable policy.
bit of tuning, and more exploration would have been required
to achieve improved performance.

Figure 16: Learned routes to the target area with high, medium and low risk exposure, for fixed (f) and tunable (t)
policies.
The mean and standard deviation for the rewards accumulated
by fixed and tunable policies are presented in fig. 17. We
can see that the tunable policies produce competitive results
for q = 0.95 and q = 0.85, but perform worse for q = 0.75.
The poor result is caused by one of the five trained agents,
which fails to reach the goal for this configuration, which in
turn heavily affects its accumulated reward. This also leads to
high standard deviation for this case.
By extending multi-objective learning to more complex scenarios, with more objectives that must be prioritized, agents
with diverse characteristics can be constructed. This can
make training more interesting and stimulating, and by adjusting agents’ objective preferences training contents can also be
adapted to the training needs of specific trainees.

We would then like to extend our study of multi-agent learning to include adversarial learning, where teams of agents
compete against each-other. We would also like to combine multi-agent and multi-objective learning in an integrated
architecture, using a hierarchical approach to reinforcement
learning, in combination with learned models for predicting
other agents’ characteristics, goals and actions, to support decision making. Finally, we would like to study intelligent exploration schemes and other ways to achieve sample efficient
learning in complex state and action spaces.

Acknowledgements
Figure 17: Mean and standard deviation for accumulated rewards for fixed and tunable policies.

5 Related Work
Over the years, there have been several attempts at using machine learning techniques for building behavior models for
computer generated forces. Some approaches that have been
studied are evolutionary algorithms [40–42], neural networks
[43–46] and dynamic scripting [47–49], a technique originally developed for computer games. Still, the studied techniques have not been mature enough to include in commercial
CGF software [9].
With the renewed interest in machine learning, sparked by
e.g. AlphaGo [11,21], there have been approaches using deep
reinforcement learning [50–52]. However, we are not aware
of any work that studies the recent advancements in multiagent or multi-objective deep reinforcement learning in the
context of air combat simulation.

6 Conclusions
In this paper we discussed the future of air combat training, and suggested an approach for building an intelligent,
synthetic trainer for fighter pilots, using machine learning
techniques. We also presented results of initial experiments, which indicate that state-of-the-art algorithms can allow agents to learn team coordination as well as prioritization
among conflicting objectives in simple air combat scenarios.
However, we also note some challenges posed by the complexity of the air combat domain. Learning high-level tactical
behavior using a low-level action space may not be the best
approach. As the complexity of scenarios grows, it will become more difficult for the agent to learn efficient policies. It
may get stuck in a local optimum, or perhaps not learn any
reasonable policy at all. We believe that a hierarchical approach to reinforcement learning, where the problem is decomposed into a number of sub-tasks handled by a hierarchy
of agents, can help tackle this problem, as indicated by the
results in 4.1.1 and 4.1.2.
In future work we would like to continue to study more complex scenarios, which more closely resemble those used in
operational training systems, to facilitate experiments with
manned simulators and studies of human-agent interaction.

This work was partially supported by the Swedish Governmental Agency for Innovation Systems (NFFP7/201704885), and the Wallenberg Artificial Intelligence, Autonomous Systems and Software Program (WASP) funded by the
Knut and Alice Wallenberg Foundation.
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Abstract
Modern aircraft can be seen as heterogeneous systems, containing multiple embedded subsystems which are in today’s simulations split into different domain-specific models based on
different modelling methods and tools.
This paper addresses typical workflow-driven model integration problems with respect to
model fidelity, accuracy in combination with the selected abstraction methods and the target system characteristics. A short overview of integration strategies with the help of cosimulation frameworks including an analysis of the inherent problems that emerge because
of different domain-specific modelling methods is being given. It is shown that huge benefits
can be reached with the help of a smart system break-up.
In detail, the discrepancy between the cyber-physical system simulations and human-machine
interaction (HMI) models are being analysed. Therefore, a close look on typical shortcomings
of behavioural models are being discussed, too.
To enable an effort-less human-in-the-loop integration into a cyber-physical system simulation, the usage of flight simulation software, offering real-time capability and a graphical user
interface is suggested. This approach is applied to overcome today’s complexity and shortcomings in human psychological models. An example implementation based on a commercial flight simulator software (X-Plane) together with a high-performance system simulation
tool (Hopsan) via UDP communication is presented and analysed.
Keywords: flight simulator, model fidelity, co-simulation, mission simulation, workflowdriven integration, human-machine interaction, behavioural model, psychological model

1 Introduction

2

The demand for more efficient airplane increases steadily and
as a result, the complexity of these airplane escalates as well.
System simulations are extensively used to design, handle and
maintain the understanding of such a complex product. It supports the designer on various tasks, to early detect possible
design errors, performing design optimizations and enables
for complex design analysis such as operational and maintenance concepts. First with excessive use of simulations a
holistic whole product life-cycle analysis becomes possible.

2.1

Aircraft include several on-board systems such as hydraulic,
pneumatic, mechanic or electric subsystems which operate in
unison to fulfil a mission. It is crucial that each subsystem
is performing optimal, and any possible flaws or malfunctions can be recognized and resolved early in the design process. Simulating these subsystems in a virtual test environment already during the system architecture work allows for
design modifications and improvements prior to any physical
testing. This enhances the design process by making it more
efficient by reducing early the design uncertainties, thus enhancing the level of credibility.
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Multi-domain Co-Simulation Frameworks
Motivation

Nowadays whole life cycle-focused product development requires a vast number of simulations to be performed at various
disciplines facilitating various modelling methods that differ
between the modelling task, the analysis task and the type of
analysis (see [1] for an overview of different level of interest
during product development work).
Any holistic model-based product development work has to
include multi-domain co-simulations addressing:
• detailed sub-system simulations to study certain domainspecific system characteristics with respect to the overall
system architecture
• human-machine interaction (HMI): the human is part of
the control system or influences directly the mode of operation or use of the product.
Furthermore, it is crucial to pay attention for easy model exchange or on-the-fly model replacements in order to enable:
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• rapidly model adaption for different analysis and
design studies
• model fidelity alteration (preferably step-less) that
fits to the available design information to enable a
task/workflow-driven design process
• model reuse with limited adaption effort to boost development efficiency, preferable also involving black box
models from third party suppliers.
2.2

Co-simulation Strategies and the Problem of Complexity

Recent research projects on simulation and modelling frameworks do focus on the above mentioned topics flexibility, adaptability and model re-usability such as the AGILE [2] or the
OM-simulator [3] projects. Also, commercial tool vendors
support various inter-disciplinary integration environments
(such as modeFRONTIER, LMS Amesim, RCE, TechnoSoft
AML, ANSYS) that allow a effort-less tool integration by
supporting communication protocols, workflow process control and optimization algorithms. These environments are often denoted as multi-disciplinary design optimization (MDO)
tools, partly enabling distributed software execution via the
internet [4].
On a multi-domain cyber-physical system – and especially on
a system of systems (SoS) – a large number of different modelling methods are composed together depending on the analysis task, the required and reasonable model accuracy and
uncertainty, the available level of input information (growing over the project time), the system domains and so forth.
Thereby, cyber-physical simulation models make often use of
continuous time methods to model the physics, like MODELICA or different computational fluid dynamics (CFD) and
finite element method (FEM) solvers. For the the control and
information flow (the cyber part), discrete time simulation
methods might be preferred while the behavioural model may
be realized by agent-based methods (ABMs). Consequently,
in order to compose a complete cyber-physical co-simulation,
this requires to interconnected models from different domains
– typically with different time constants – such that they work
seamlessly together with acceptable performance and numerical robustness.
A feasible solution, shown by Fritzson et al. [5], is to use
the transmission line method (TLM), a modelling approach
which decouples sub-models using physically motivated time
delays. This ensures numerical stability, and is especially
suitable for real-time simulations. TLM can also greatly reduce simulation time, as was shown by Braun et al. [6] and
Sjölund et al. [7]. With such strategies, making advantage of
the model method specific advantages and still at the same
time allowing the user to use the most suitable modelling
method for the problem at hand, significant improvements to
the design process, time and user-friendliness can be achieved
without the need to develop new modelling tools.
Connecting inherently different simulation tools is facilitated
by the functional mock-up interface (FMI), a tool independent
standard for co-simulation and exchange of dynamic models
supported by more than 100 simulation tools [8]. FMI can be
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used in conjunction with the the upcoming companion standard distributed co-simulation protocol (DCP), which facilitates communication and integration of models and real-time
systems [9]. The OMSimulator master simulation tool currently supports FMI and TLM using TCP/IP connection to
external tools. Possibilities of combining FMI with TLM was
investigated in [10].
2.3

Model Fidelity, Complexity and Characteristic

Both terms, model complexity and model/simulation fidelity1 are vague and no cross-domain application-independent
valid standard has been establish so far (see e.g. definitions
by [12, 13]) which to a large extend depends on the vast number (and weightings) of fidelity criteria [14–16]. Both, model
complexity (in terms of the size of the overall design space)
and model refinement can be expressed by the design information entropy [17].
The concept of abstraction – thus the model method and modelling fidelity – has to fit both the analysis needs and the systems characteristic. At a glance, any complex system model
can be split-up into an structural and an behavioural part [15].
More in detail, refined taxonomies of the system’s (or SoS’s)
characteristics like Gideons et al. [18] can be used. More in
detail, the systems characteristic can be defined by the target system’s properties. A selection of relevant properties to
describe the characteristic type of an system is given in fig. 1.
2.4

Model Type by System Properties

Most complex systems incorporate some kind of a behavioural model part which can result in a stochastic behaviour.
This behaviour can be anything from an easy control system
(e.g. fuel tank filling/emptying sequence), a complex control
system (e.g. an autopilot or other driver assistance systems)
as well as any user-interactions on or within the system (such
as pilots, flight controller, etc.). On a higher level, these parts
of the system are often responsible for the way of operation
of a system including more complex tasks such as operational
strategies, tactics and doctrine. As a consequence, there is a
unique combination of the model fidelity for each system depending on the system type (stated by the system properties
shown in fig. 1). Figure 2 shows this differences in the desired
degree of detail of the physical- and the behavioural model of
three different systems.
In reality however, the desired direction of refinement is not
reached as straight, smooth and continuous as indicated by the
arrows for the three systems. Model refinement occurs instead
in discrete steps, often within a single domain only by either
refining an existing model or replacing a modelling technique
with another abstraction method (and thereby most probably
also replacing a tool within the co-simulation framework by
another). A typical path of model refinement (of system b)
is indicated in fig. 2 by the black stars. Using a priori a highfidelity model techniques already from the beginning (in order
1 Fidelity definition by [11]: "The degree to which a model or simulation
represents the state and behaviour of a real world object or the perception of
a real world object, feature, condition, or chosen standard in a measurable or
perceivable manner; a measure of the realism of a model or simulation."
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Fidelity

if simulations also include the handling of abnormal situations
such as component failure simulations. Additionally with one
or several human-in-the-loop (HITL), the behavioural model
has to represent different control action levels ranging from
doctrine, strategy, tactic, operations down to the respective
control schemes on system element level.

Size

Complexity

Execution Speed

Domains

Behavioural model
Dynamics

Figure 1: Radar plot of seven selected properties describing
the type/characteristic of an system .
to skip the later tool transition) is often not applicable due to
the absence of information to create the model and the usually
lower execution speed of higher-fidelity models.

3

Human-machine Interaction Modelling

Until today, the aspects of the human’s physiology as well as
psychology are only insufficient considered in modern simulation models. In addition, the human-machine interface of
modern system must not be the real interface of the target system as indicated in fig. 3. Today’s technologies often do not
return the actual behaviour of a system back to the user but a
human adjusted virtual reality. While these systems, often denoted as assistant systems, improve in many cases safety and
comfort, it requires at the same time a good understanding
of how the operator perceive these inputs and react on them.
These is gaining on importance if modern assistant systems
are applied. For example, a decoupling of the input control
stick forces, as it is common in any control-by-wire setup on
modern aircraft could give the pilot a false understanding of
the actual aircraft state. On the opposite side, there is a necessity that the system is interpreting the actual user inputs
correctly under all circumstances.
3.1

Human Psychological Modelling

A common approach used to incorporate human physiological and mental factors in simulations is by treating the human as a machine-like stimulus-response (transfer function)
system although this approach does not correspond to reality
at all [19]. People’s individual differences such as age, sex,
physical fitness, ability to take decisions, reaction time, capacity for remembering, motivation, social interactions and creativity to solve a problem, require a much more appropriate
representation of the human in simulation models.

Figure 2: The ways of desired and actual model refinements
within projects of different model type (characteristic).
2.5

HMI and the Need of a Real-time System

The above mentioned relationship of matching domainspecific models within a co-simulation environment means
that each model domain has to be enhanced in fidelity thus
reaching a certain level of certainty (or better said, reducing
the level of uncertainty). The model fidelity of the physical
part is rather simple to address: the model has to be able
to capture the correct physics of the problem at hand. On
an aircraft example, this might be already true for an objectoriented component-based (e.g. pumps, pipes, actuator, generator, etc.) approach. But what about the behavioural (control) model? The latter – often implemented in ABM – becomes already on moderate fidelities very complex, especially
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To adequately forecast the effect of human performance in
a complete human-machine simulation model, dynamic and
integrated computational physiological and cognitive modelling, as depicted in fig. 3, is required. Even though this is the
right approach to tackle the problem, it remains challenging to
develop reliable models of physiological functions or cognitive architectures [20, 21]. Problems such as validation, scaling or model simplification must be solved first before these
methods can meet their full potential [22, 23].
3.2

The Need of Humans in System Simulation

Although complete human modelling is in many cases still
at a basic research level, this does not mean that the humanmachine interactions cannot be simulated in a sufficient manner. An alternative solution is the traditional HITL approach
where actual humans interact in real-time with simulation
models. A major drawback of the HITL method is the need
for access to probands, which can be in particular difficult
when highly trained people are needed, such as pilots. Another drawback of HITL is the exact reproducibility of simulations. While a physiological/cognitive model could provide
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(Filtered)

(e.g. Flight Contols)

Figure 3: Human integration into the cyber-physical system context.
the same output under equal boundary conditions, is this for a
HITL approach hardly to reach resulting in stochastic events.
Furthermore, applying HITL, simulation speed is limited to
real-time only, whereby this approach becomes inapplicable
for high-fidelity co-simulations, which run often on much
slower computational speed, low-fidelity simulations that run
multiple times faster than real-time and any kind of optimization task that requires an enormous amount of simulation
runs.
Nevertheless, no matter which of the two previous mentioned
approaches is chosen, a realistic feedback from the human
(model) back to the machine model can only be provided if
the environment is realistic and rich in detail. A sufficient
representation of the system’s external and internal environmental conditions should apart from visual and aural information also include characteristic such as forces, thermal loads
or odours. This high environment fidelity is necessary since
the humans’ reaction to this inputs are deeply context specific [14]. Integrating a flight simulator in a dynamic humanmachine co-simulation can contribute to provide such a required environment.

communication protocol messages setup. The result was a
simple data collection and a verification process illustrating
the possibility of a real-time flight simulation including external tools. A somewhat similar project was published by
the Instituto Tecnológico de Aeronáutica (ITA) which aimed
to simulate a quadrocopter using
and the
flight simulator
[25]. Here the (hover) control
system of the quadrocopter was implemented in
,
while the vehicle’s physical properties were modelled within
the flight simulator environment. At Vives University College the open source platform
had been used in
a conceptual unmanned aerial vehicle (UAV) design project
aiming to execute electro-thermal analysis in Simulink by applying HITL simulations [26]. Also other publications (such
from A. Bittar et al. [27, 28]) have utilized the
simulation environment for hardware/power in the loop (H/PITL)
simulations incorporating
with focus on
new control/actuator concepts.

4 Implementation Strategy & Realized Use
Case Example
The following example shows a test case implementation
aimed to assess a co-simulation setup of a flight simulator
environment including aircraft on-board systems simulation
to enable a HITL simulation and pave the way for a future
human-model extension. Since the project aims to illustrate
the possibilities of real-time co-simulation, the focus will be
on the co-simulation integration of the example models into
rather than on the on-board system simulation models themself.
4.1

Related Work

A research project at Nanchang University developed a flight
control model in
for a helicopter implemented in
[24] including a detail description of the applied
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Figure 4: A simple flowchart illustrating the basic model exchange setup.
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Framework Setup / Model Integration

4.3

Figure 4 shows the basic configuration of the realized cosimulation setup (exclusive the not yet realized
part). The aircraft and the on-board systems are implemented
in
, based on one example model slightly adapted to
be co-simulated with
. It contains three main subsystems; propulsion-, control- and hydraulic actuation systems. A six degrees of freedom (6DoF) sub-/supersonic airplane simulation model from the standard component library
is used to calculate the airplane dynamics (see component
description in [29]).
On a Windows PC,
comes along with a user datagram protocol (UDP) communication to interact in pseudo
real-time with other software. This enables co-simulations including aircraft subsystems and HITL together with
(see fig. 5). UDP communication works with specific alloc-

Model Analysis and Performance

The described UDP communication based framework has
been tested in three different setups to identify the performance and bottlenecks of this integration method. To get valid
results, the test have been performed on two different standard
PCs running on Windows 10.
I. Pilot control test:
Time step delays and signal loss during transmission of data
between the tools has been tested with a model setup of having once the pilot on the controls, recording all inputs. Afterwards, the model is fed with the recorded pilot commands
again (open loop control).

Figure 5: Screenshot of the user interface in X-Plane 11 with
the X-plane datalogg to the left and the Simulink model parameter plot to the right.

Figure 7: The frames per second model update frequency of
the X-Plane model.

ated ports from/to which messages, known as datagrams or
packets, are sent or received [30].
supports up
to 138 output variables via the UDP connection. Each selection can consist of multiple variables. A complete list
can be found in the
UDP package description [31].
models can be co-simulated in
by con-

Figure 7 shows the performance of the
flight model
in terms of frames per second (FPS). The average FPS rate
during the simulation period is 47.2 with a significant fluctuation between 63 and 25 FPS. This is circa four times slower
than the fixed calculation step size of 0.005 [s] or 200 [Hz] of
the
model. The performance on the second PC was
in the same range with an average FPS of 57 and even higher
extrema (min: 20; max: 72).

X-Plane

UDP

Simulink

S-function
(DLL)

Hopsan

Figure 6: Communication setup of the simulation. Simulink
communicates with X-plane using UDP sockets. Hopsan
models are imported to Simulink as S-functions.
verting them into S-functions making use of executable, precompiled
dynamic-link librarys (DLLs), see fig. 6. In
order to establish the input and output ports of the
model, S-function interface components must be used for the
variables of interest. This allows
models to be integrated into
indirectly via
, which supports
UDP.
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II. Flight manoeuvrer model:
In this setup, the aircraft model including the subsystems, the
flight controller and the mission controller were implemented
in
. Consequentially,
was only used in this
setup to provide a graphical user interface, ensure (pseudo)
real-time clocking. The model showed no evidence of package losses, however some flight controller parameter tuning
problems arose. The reason of this model instability could not
be found but may relate to the lesser update rate of the flight
simulator (ca. 50[Hz]) than the simulation model time-steps
(200 [Hz]). Also, round-off errors during the communication
chain (due to truncations because of the different parameter
normalizations in the applied tools) may have contributed to
this model behaviour.
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III. Pilot-in-the-loop simulation:
In this test-setup, the pilot is in the loop giving command inputs (via joystick, pedals and power lever) to the flight controller which in this setup is a simple wing leveler only. The
flight controller is implemented in
while the aircraft is modelled within
.
Figure 8 shows the aileron signal of the pilot control and the
correction from the flight controller. It can be noticed that the
flight controller signal calculated in
corrects the
aircraft to level flight by compensating with additional aileron commands. The
model is able to compute
and transmit the control signal required to restore the aircraft
to level flight even with sudden, high amplitude inputs (see
fig. 8 time range between 25 to 35 seconds). Due to the

TCP/IP communication.

X-Plane

UDP

OMSimulator

TCP/IP
Hopsan

TCP/IP

Simulink

DLL

FMI

Figure 9: Possible future communication setup, using OMSimulator as the master communication unit. Other tools can
be connected to OMSimulator using TCP/IP sockets, and FMI
units can be imported directly.

5

Conclusion

This paper shows that it is possible to execute a flight simulation with the human (pilot) in the loop including detailed
on-board system simulations down to hardware component
level (such as actuators, power electronics and fuel-pumps)
by co-simulation on a standard PC.

Figure 8: Aileron control signal from the pilot (red) and the
Simulink roll control model (blue).
slightly higher calculation effort of the
model in
this setup, the update rate went down to 39.6 FPS in average
(min: 32; max: 42.5).
4.4

Future Work

The above described implementation work is only the starting point towards a holistic scalable co-simulation model including HMI aspects. Future work (specific to this project) is
going to address the following topics:
• (project
tion in

specific) implement UDP communicaand test the performance without
in the simulation framework
• comparative studies on the existing UDP-based cosimulation framework with implementation strategies
making use of a integration environment (including
design process control, automation and optimization
functionality) such as
[32],
[33] or
[34].
• investigate useful methods/tools to integrate H/PITL
simulations into the framework, eventually making use
of
or
(commercial tool vendors).
Figure 9 shows the planned future setup using the
framework together with UDP, DLL and
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In the presented test implementation, no dedicated cosimulation environment tool has been used. Instead, a workaround using
with its multiple interface options
(here UDP and S-function/DLL) were realized. In this framework, the flight simulator works as the real-time engine and
the graphical (and haptic) user interface while most simulation model calculations were performed in the co-simulated
cyber-physical simulation tool.
To enable easier model handling capabilities like motivated
in section 2.1, a dedicated co-simulation environment as
sketched in fig. 9 should be used. This enables also other
benefits such as model stability and high execution speed
through its model decoupling capability as shown in section 2.2.
The typical drawbacks of a human-in-the-loop simulations
has been named in section 3.2. With the limitation to real-time
execution (beside other reasons), it is not suitable for many
tasks during the development work. Especially optimization
task that require multiple simulations cannot be executed with
human-in-the-loop setups. Remaining future work to reach
complete full-system simulations including simulated human
behaviour is mainly needed for the psychological model, but
also other aspects such as the wished continuous model refinement are not in place yet. The authors of this paper therefore suggest to work further towards universal system characteristics and model fidelity and complexity descriptions as
suggested in fig. 1 and section 2.3-2.4. Such a normalization could lead to simulation guidelines that would help the
product developer to choose the right simulation and simulation integration approach(es) for the problem at hand without
the need of being an expert in all included model domains.
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Goal
Undeveloped Goal

Strategy

Context

SupportedBy

InContextOf

Goal
SupportedBy
Undeveloped
Goal
Strategy
Context
InContextOf

InitAirw
COTS component is demonstrably initial airworthy

ArgOverIsoCompInteComp
Argument over isolated COTS
component and integrated COTS component

DesCOTSBehav
Desired COTS behavior

IsoCompExhiBehav

InteCompExhiBehav

The isolated COTS component
exhibits the desired behavior

The integrated COTS component
exhibits the desired behavior on
LRU/board-level

DesLBLBehav
Desired LRU/board-Level
Behavior
InteCompAcceptibility

IsoCompIntent

Any part of the integrated COTS component on
LRU/board-level that is not required by the defined
intended behavior has no unacceptable safety impact

COTS component defined intended
behavior is correct and complete
with respect to the desired behavior
IsoCompCorrectness
The configured and installed COTS component is correct with
respect to its defined intended behavior, under foreseeable
operating conditions
IsoCompAcceptibility
Any part of the configured and installed COTS component that is not
required by the defined intended behavior has no unacceptable safety
impact

InteCompCorrectness
The integrated COTS component on LRU/board-level is correct with respect
to its defined intended behavior, under foreseeable operating conditions

InteCompIntent
The integrated COTS component defined intended behavior on LRU/boardlevel is correct and complete with respect to the desired behavior

IsoCompCorrectness
The configured and installed COTS
component is correct with respect to
its defined intended behavior, under
foreseeable operating conditions
DecompPrimConfIsoCompCorrectnesss
Decomposition in primary and confidence
argument

ConRef_1
NPA [5] COTS-3

PrimArgForIsoCompCorrectness

ConfArgForIsoCompCorrectness

The configured and installed COTS component performs its intended
behavior correctly under foreseeable operating conditions

Uncertainties in the correct transformation of the desired behavior to the
defined intended behavior are sufficiently reduced

RelDevIntAppPrim

RelDevIntAppConf

Reliability of the device outside its specified
limits in the intended application has been
sufficiently analyzed

Residual uncertainties about
reliability of the device outside its
specified limits are acceptable

ArgByCorUprCalRelAna
Argument by showing correct uprating
calculations and reliability analysis

TecSuiDevIntAppConf
Residual uncertainties about insufficient technical suitability
are acceptable
TecSuiDevIntAppPrim

ConRef_1
NPA [5] COTS-3

Technical suitability of the device in the
intended application has been sufficiently
investigated

ArgByDoc
Argument by showing document describing the technical
suitability of the device in the intended application

ArgByReview
Argument by review of technical suitability
document
ArgByReview
Argument by review of correct and complete
uprating calculations and reliability analysis

InteCompAcceptability
Any part of the integrated COTS component
on LRU/board level that is not required by the
defined intended behavior has no
unacceptable safety impact
DecompPrimConfInteCompAcceptability
Decomposition in primary and confidence
argument

ConRef_1
ML-OBJ-1

PrimArgforInteCompAcceptability

ConfArgforInteCompAcceptability

The integrated COTS component on LRU/board level has no
unacceptable safety impact for any part not required by the defined
intended behavior

Uncertainties in unacceptable safety impact for parts not required by the
defined intended behavior are sufficiently reduced

MitProbUndetMisErrors
The probability for undetected misleading
errors is quantified and the errors are
appropriate to the function

ArgByStatTestAppFunct
Argument by statistical testing appropriate to the function

MitAltInsDetConf
Residual uncertainties about insufficient detection of
misleading errors are acceptable

ArgByDivRedArch
Argument by diverse redundant architecture

IsoCompIntent
COTS component defined intended
behavior is correct and complete
with respect to the desired behavior
DecompPrimConfIsoCompIntent
Decomposition in primary and confidence
argument

ConRef_1
AC-OBJ-1

PrimArgForIsoCompIntent

ConfArgForIsoCompIntent

COTS component desired behavior is correctly and completely
recorded in its defined intended behavior

Uncertainties in the correct transformation of the desired behavior to the
defined intended behavior are sufficiently reduced

MitDetExePrim
Deterministic execution - Using the same input
data twice should show identical results

MitInsuDetDetExeConf
Residual uncertainties about insufficient detection of
deterministic execution are acceptable

ArgBySufTest
Argument by sufficient testing using equivalence classes

ArgByArchMitSimResUnit
Argument by architectural mitigation through simple
monitor
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1 Advanced

Abstract
Runtime reconfiguration is one promising way to mitigate for increased failure rate and
thereby it fulfills safety requirements needed for future safety-critical avionics systems. In
case of a hardware fault, the system is able, during runtime, to automatically detect such fault
and redirect the functionality from the defective module to a new safe reconfigured module,
thus minimizing the effects of hardware faults. This paper introduces a high level abstraction
architecture for safety-critical systems with runtime reconfiguration using the triple modular
redundancy and the synchronous model of computation. A modeling strategy to be used in
the design phase supported by formal models of computation is also addressed in the paper.
The triple modular redundancy technique is used for detecting faults where, in case of inconsistency in one of the three processors caused by a fault, a new processor is reconfigured
based on a software or hardware reconfiguration, and it assumes the tasks of the faulty processor. The introduced strategy considers that no other fault occurs during the reconfiguration
of a new processor.
Keywords: safety-critical systems, triple modular redundancy, runtime reconfiguration,
formal models of computation.

1 Introduction
The safety and reliability of modern avionics may be
threatened by trends that are largely driven by high-volume
commercial applications, e.g. environmental concerns as restriction of hazardous substances (RoHS) directive that forced
the removal of lead from commercial electronics and solders.
Another trend arises from technological innovation in commercial electronics. The effort to place more functionality
and performance in smaller packages and lower power has led
to ever-shrinking device geometries down to deep submicron
dimensions with new physical failure mechanism that affect
the wear out of semiconductor devices. Additionally, small
geometries negatively affect the susceptibility of the semiconductor device to atmospheric radiation.
One of the next big challenges for the avionics industry is to
address these trends that increase failure rate and thereby affect safety and reliability. Bieber et al. [1] points out runtime
reconfiguration as one of the big challenges for the future generation of integrated modular avionic (IMA) systems. In the

event of a hardware failure, the system is able to reallocate
the functionalities from the faulted module into a safe module, thus limiting the effects of a hardware failure on aircrafts.
Perhaps the most important component of a runtime reconfigurable safety-critical system is the fault detection mechanism.
One of such mechanisms is the triple modular redundancy
(TMR), capable of detecting and mask possible faults in a system, improving reliability [2]. In such architecture, depicted
in Figure 1, three processes execute the same functionality,
and a majority voting mechanism selects the output that most
occurs. If one of the processors fails to produce the correct
output, possibly due to a single event upset (SEU), the voting
mechanism masks such fault with the output of the other two
processes. Any number of processors can be used in modular redundancies, however the minimum number of redundant
processors necessary to detect and mask a fault is three.
Systems with triple modular redundancy are tolerant to both
transient faults, i.e. faults that appear for a very short period
of time and then disappear, and single permanent fault, i.e.
faults that remains active for a long or possibly indefinite

c The Authors, 2019.

P1
P2

V

P3
Figure 1: Triple modular redundancy architecture. V represents the voting mechanism and P1 , P2 and P3 represent three
processes with the same functionality.
amount of time. However, faults in the voting mechanism
lead to errors, making the voter a single point of failure. To
improve reliability, three voters can be used instead of one. In
that case if a fault occurs on the voters, the system can mask
such fault, thus eliminating the single point of failure.
In view of this, this paper proposes a high level abstraction
architecture for safety-critical systems with runtime reconfiguration (RTR) using the triple modular redundancy and the
synchronous (SY) model of computation (MoC). Such architecture is composed of one fault detection mechanism, several runtime reconfigurable processes, and a control device
to manage the reconfiguration process. Differently from
the traditional triple modular redundancy architectures, the
proposed architecture can mask multiple permanent faults,
provided that no two faults occur in a small time interval
defined by the reconfiguration time of a new module.

2 Models of Computation
Models of computation are a collection of rules dictating the
semantics of execution and concurrency in computational systems. A common framework to classify and compare different MoCs is the tagged signal model [3]. In such framework,
MoCs are a set of processes acting on signals, according to
the following definitions.
Definition 1 (Signal). In the tagged signal model, a signal
s 2 S is a set of events ei = (ti , vi ) composed by a tag ti 2 T
and a value vi 2 V . The set of signals S is a subset of T ⇥V .
Definition 2 (Process). In the tagged signal model, a process
P is a set of possible behaviors that defines relations between
input signals si 2 SI and output signals so 2 SO . The set of output signals is given by the intersection between the set of input
signals and the process SO = SI \ P. A functional process is a
process described by a single value mapping f : SI ! SO and
describes either one behavior or no behavior at all.
The tagged signal model classifies MoCs as being timed or
untimed. In a timed MoC, all events in all signals can be
ordered based on its tags, i.e. the set of tags T is totally
ordered. In an untimed MoC, the set of tags T is partially
ordered, i.e. events can only be locally ordered.
2.1

Synchronous (SY) MoC

The synchronous MoC belongs to the class of timed MoCs
and it is based on the perfect synchrony hypothesis, which

states that neither computation nor communication consumes
time. As a consequence, every signal is synchronized, meaning that for any event in any signal, there is an event with the
same tag in every other signal. This allows the representation
of signals as a list of values in which the position of each value
in the list represents its tag, i.e., s[k] = v with k 2 T and v 2 V .
Another important property of the synchronous MoC is that
the absence of an event is well defined. Such phenomenon is
defined as an event, with some tag t 2 T , whose value is the
absent value ? 2 V , i.e. e = (t, ?).

Although the perfect synchrony hypothesis is not physically
feasible, the synchronous MoC works well when modeling
clocked-based systems, provided that both computation and
communication are fast enough to fit within one evaluation
cycle.

3

Modeling TMR with RTR

A triple redundancy architecture proposal using runtime reconfiguration is illustrated in Figure 2.
ct1

RTRP1
ct2

RTRP2
sin

sout
Voter

ct3

RTRP3
..
.

CSSM

Control
Device

ctn
ct1 ct2 ct3 ctn

RTRPn

Figure 2: Triple redundancy architecture with runtime reconfiguration applicable to safety-critical systems.
It works as follows: three runtime reconfigurable processors,
RTRP1..3 , are configured with the same functionality and,
given the same input signal, should provide the same output signal. Knowing this property, the Voter compares the
results and possibly the states outputted by each processor.
If, by any chance, one of the processor’s output differs from
the other two, the Voter assumes that there must be a fault
in such processor and, therefore, a new processor must take
its place. In view of this, the Voter sends a signal to the
Control Device informing which processor is malfunctioning, so that the Control Device can allocate a new RTRPx
to assume the failed processor’s task.
The newly allocated processor must then synchronize its
states with the two remaining RTRP that are still executing

in order to mask the fault. To do that, the first time a processor executes, it loads the current states from a current state
shared memory (CSSM), which is represented as a delay using the SY MoC and can be physically implemented as a set
of processor registers.
Similarly to N-modular redundancy (NMR) with spares,
when one of the processors becomes unreliable, i.e. starts
to produce inconsistent results, it is replaced by a spare processor. However, here the spare processors, represented by
RTRPn , with n > 3, can be initially loaded with less critical
applications that can be overloaded when needed, providing
better usability of resources.
For such architecture to work properly it is assumed that
neither the Voter nor the Control Device fails, thus both
of these devices are single point of failure for this system. Although it is possible to eliminate the Voter’s single point of
failure by using three voters, there can only be one reconfiguration manager, represented by the Control Device.
When two RTRPs fail either at the same time, or in a time
window smaller than the necessary time to reconfigure a new
processor, we say the triple redundancy system fails. To show
how likely such failure occurs, consider that all RTRP have
the same failure rate and, for every cycle, the probability of
failure of an RTRP j is p(Fj ) = r. Consider also that it takes
m clock cycles to reconfigure a new RTRP in case of a failure.
Then, the probability p(Fa |Fb ) of some RTRPa to fail in a time
window of m+1 cycles (including the cycle in which the fault
was detected), provided that some RTRPb has already failed,
is given by
p(Fa |Fb ) = 1 (1 r)2(m+1)
(1)
Therefore, the probability of failure of our triple redundancy
architecture with RTR is given by
p(Fa \ Fb ) = p(Fb )p(Fa |Fb )
= r(1

(1

r)2(m+1) )

(2)

We define the ratio of improvement RI as being the probability
of failure of a single RTRP divided by the probability of failure of our triple redundancy architecture, given by (2). The
larger the ratio of improvement, the more fail-safe the triple
redundancy with RTR is when compared to an architecture
with a single processor. Such ratio of improvement is given
by
1
(3)
RI =
1 (1 r)2(m+1)
The ratio of improvement RI shows the importance of the reconfiguration time m in the robustness of the triple redundancy architecture with RTR. In case of a fault in one of
the processors, the system can still continue to perform correctly with two processors while another RTRP is being reconfigured, however it becomes vulnerable to a second fault in
this time window. Therefore, the fastest the reconfiguration,
the less vulnerable the system is. Traditional triple redundancy architectures (without RTR) are immune to a single processor permanent fault, however they are vulnerable to multiple faults.

3.1

Runtime Reconfigurable Process (RTRP)

We start to model the triple redundancy architecture by modeling what we are calling a runtime reconfigurable process,
similar to the architecture presented in [4]. We consider that
for such process to be in its most general form, it must have
some internal memory to store its states, and it must take into
account reconfiguration time. When a new RTRP is being reconfigured, it takes a number m 2 N of clock cycles, proportional to the size of the functionality bitstreams, to perform
reconfiguration before it is able to execute for the first time.
When the RTRP executes for the first time, it must synchronize
its internal memory with the internal memory of the other two
RTRP executing the same functionality. In order to achieve
that, we added an extra input, a synchronization input x̄, so
that when the RTRP executes for the first time, it gets its initial
state from the synchronization input.
We model an RTRP as a finite state machine with x[k] 2 S
being the state vector, sin [k] 2 V I the inputs, and y[k] 2 V O the
outputs at an instant k, with V I and V O the set of values from
the input and output signals respectively. The functionality
of an RTRP is represented by a state transition function f :
S ⇥ V I ! S and an output function g : S ⇥ V I ! V O . Such
functionality is stored in a configuration memory and can be
changed by a control input signal ct that is responsible for
the reconfiguration. The control signal ct is responsible for
changing both f and g when needed, and this change takes m
clock cycles to finish. Finally, the processor can execute for
the first time with the new configuration.
A representation of an RTRP is shown in Figure 3. Feedback
loops, along with delay blocks (represented by z 1 ), are used
to represent memories following the pattern: the blue rounded delay represents configuration memory, the squared black
delay represents RTRP’s internal memory, and the dashed
delay represents a virtual count down to simulate reconfiguration time.
ct j [k]
sin [k]

y j [k]

x̄[k]
( f [k], g[k])
m[k]

RTRP j

logic

( f [k + 1], g[k + 1])
m[k + 1]
x[k + 1]

x[k]
z

1

z

1

z

1

Figure 3: RTRP internal schematics, i.e. function application
logic. The delays represented by z 1 are used to store state
vector x, the pair of functions ( f , g) and the reconfiguration
countdown m.

Let ct [k] be the control signal in the instant k, which can be
either the absent value ? or a 3-tuple (f, g, m), with f : S ⇥
V I ! S, g : S ⇥ V I ! V O and m 2 N. ct [k] = ? indicates
no reconfiguration is needed and, therefore, the process can
execute the current configuration normally, if able to. When
ct [k] = (f, g, m), a reconfiguration must be performed and the
functions f and g will replace the current configuration. Such
reconfiguration process takes m cycles to finish.
At any instant k, the functionality of a runtime reconfigurable
process is given by the pair ( f [k], g[k]). Such pair is stored
in the configuration memory until a reconfiguration request is
received via ct . To represent such behavior, the functionality
transition function is given by
(
(f, g)
if ct [k] = (f, g, m)
( f [k + 1], g[k + 1]) =
(4)
( f [k], g[k]) if ct [k] = ?
To represent the time spent to perform the reconfiguration of
a process, the countdown variable m[k] 2 N stores how many
cycles are left to finish the reconfiguration. m[k] > 0 indicates
that the process is reconfiguring at the instant k and, therefore,
cannot execute. (5) represents the behavior of the countdown
signal m.
8
>
if ct [k] = (f, g, m)
<m 1
m[k + 1] = m[k] 1 if ct [k] = ? and m[k] > 0
(5)
>
:
0
if ct [k] = ? and m[k] = 0

When a reconfiguration is being performed, i.e. when m > 0,
the RTRP outputs the absent value ? for both the next state
x[k + 1] and the output y j [k]. The first time the RTRP executes
after reconfiguration, it uses the state input x̄ as initial states.
Afterwards, it keeps executing with its internal state x. The
state transition function at any instant k is given by
8
>
if ct [k] 6= ? or m[k] > 0
<?
x[k + 1] = f [k](x̄[k], sin [k]) else if x[k] = ?
(6)
>
:
f [k](x[k], sin [k]) otherwise

with x̄[k] being the value of the states stored in CSSM in the
instant k. The output of a runtime reconfigurable process at
any instant k is given by
8
>
if ct [k] 6= ? or m[k] > 0
<?
y j [k] = g[k](x̄[k], sin [k]) else if x[k] = ?
(7)
>
:
g[k](x[k], sin [k]) otherwise
Initial values f [0], g[0], m[0] and x[0], indicating the initial
configuration and states of each RTRP, must be provided.
3.2

Voter

The Voter’s task is to compare the outputs of the three RTRPs
that are currently active, and alert the Control Device when
one of the outputs differs from the other two. Figure 4 shows
the voter inputs and outputs.
The input cv is responsible to select the three currently active
RTRP, so that the voter can compare their results and, in case

cv [k]
s1 [k]

sout [k]

s2 [k]
s3 [k]
sn [k]

.
.
.

Voter

xv [k]
r[k]

Figure 4: Voter with inputs and outputs.
of any inconsistency, it informs the Control Device about
the failed RTRP through the signal r. The Voter outputs the
most occurring of the RTRP results through sout and send the
current RTRP state to CSSM via xv . Let s j be the signal that
carries the output and the states of RTRP j . Events from cv and
s j are defined as follows.
cv [k] = (a, b, c), a, b, c 2 {1, 2, . . . , n}
s j [k] = (y j [k], x j [k]), j 2 {1, 2, . . . , n}
The outputs sout and xv are modeled as follows.
8
>
<(ya [k], xa [k]) if ya [k] = yb [k]
(sout [k], xv [k]) =
or ya [k] = yc [k]
>
:
(yb [k], xb [k]) if yb [k] = yc [k]

(8)
(9)

(10)

The signal r is used to inform the Control Device, in case
of a failure, which RTRP failed. If the results from the three
active RTRPs are consistent in instant k, r[k] assumes the absent value, otherwise it assumes the number of the faulted
RTRP. Thus, the output r is modeled as follows.

3.3

8
?
>
>
>
<a
r[k] =
>
b
>
>
:
c

if ya [k] = yb [k] = yc [k]
if ya [k] 6= yb [k] = yc [k]
if yb [k] 6= ya [k] = yc [k]
if yc [k] 6= ya [k] = yb [k]

(11)

Control Device

Finally, the Control Device is responsible for reconfiguring new RTRP based on the signal r received from the Voter,
indicating which RTRP is not producing a correct answer. The
Control Device keeps track of which RTRPs are active and,
depending on the value received through the signal r, it performs a state transition to a new state indicating the active
RTRP. Figure 5 shows the Control Device internal schematics.
Every time the Control Device performs a state transition,
meaning an inconsistency was detected by the Voter, it sends
the new configuration to the RTRP through signals ctn , and
it waits m clocks, representing the time it takes to finish the
reconfiguration of an RTRP, before being able to reconfigure a
new RTRP in case of another inconsistency. The output/input
signal m keeps track of how many clock cycles are left to
finish a reconfiguration of a new RTRP, and it is modeled as

ct1 ct2 ct3
z
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ctn

r[k] = ?/

m[k + 1]

1

cv [k + 1]

r[k] 6= ?/

0,

cv [k]

m[k + 1]
cv [k + 1]

m,

h(cv [k], r[k])

...
r[k]
cv [k]
m[k]

Control
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logic

cv [k + 1]
m[k + 1]

Ready

Reconf

(m[k] = 0)

(m[k] > 0)

cv [k + 1]

cv [k]

z

1

z

1

4

follows.

if r[k] 6= ? and m[k] = 0
1 if m[k] > 0
otherwise

(12)

The output cv carries the current three active RTRPs as a tuple,
such as in (8). The behavior of the Control Device regarding the output cv is modeled as follows.
(
cv [k]
if r[k] = ? or m[k] > 0
cv [k + 1] =
(13)
h(cv [k], r[k]) if r[k] 6= ? and m[k] = 0
with h((a, b, c), r) given by
8
>
<(max(a, b, c) + 1, b, c) if r = a
h((a, b, c), r) = (a, max(a, b, c) + 1, c) if r = b
>
:
(a, b, max(a, b, c) + 1) if r = c

0,
cv [k]

m[k + 1]

m[k]

cv [k + 1]

1,

cv [k]

Figure 6: State chart ruling the behavior of the Control
Device.

Figure 5: Control Device internal schematics.

8
>
<m
m[k + 1] = m[k]
>
:
0

m[k] > 1/

m[k] = 1/
m[k + 1]

(14)

(12) and (13) define a behavior that is represented graphically in Figure 6. While m[k] > 0, the Control Device is
in the “Reconf” state, meaning a new RTRP is being reconfigured, and any reconfiguration request that is sent through
r is ignored while in this state. After the reconfiguration
is finished (m[k] = 0), the Control Device returns to the
“Ready” state, awaiting for a new reconfiguration request.
Finally, the control outputs ct j behave as follows: when the
transition from Ready to Reconf is taken, i.e. r[k] 6= ?
and m[k] = 0, the Control Device outputs a reconfiguration signal given by the 3-tuple (f, g, m) to the output j =
max(cv [k]) + 1 (the next available spare RTRP); in any other
case, it outputs ?. Such behavior is given by
8
>
<(f, g, m) if r[k] 6= ? and m[k] = 0
ct j [k + 1] =
and max(cv [k]) + 1 = j (15)
>
:
?
otherwise

Initial conditions to m, cv and ct j must be provided. As a
general rule, we use the following initial conditions: m[0] =
0, cv [0] = (1, 2, 3) and ct j [0] = ?. These initial conditions
indicate the system starts with the three first RTRPs already
configured and the Control Device in the Ready state.

RTR Modeling with SY

An strategy and comparison of frameworks supporting
formal-based development and models of computation is
presented by Horita et al. [5]. Based on their result, we opt
here for the use of ForSyDe [6] to model our TMR system. As
ForSyDe is implemented in Haskell, a functional language,
implementing (4) to (15) is considered an easy task, and we
one does not need to worry about side effects either. Another
advantage of functional languages is that functions can be
used as normal data, allowing the exchange of control events
such as (f, g, m).
The ForSyDe SY library possesses a collection of process
constructors, as well as delays, to implement all the processes
presented so far. We use the process constructors combnSY,
with n indicating the number of inputs, unzipmSY, with m
indicating the number of outputs, and delaySY.
Listing 1 shows the ForSyDe implementation of an RTRP process, where rtrpFunc is a Haskell function that implements
(4) to (7). For this implementation, we consider an architecture with 5 RTRPs (three initially operating RTRPs and two
spare ones). As mentioned in Section 3.1, the initial values
f [0], g[0], m[0] and x[0] must be provided and are represented
as f0, g0, m0 and x0.
Listing 1: RTRP process implemented in ForSyDe.
1 rtrp ( f0 , g0 , m0 , x0 ) ct s_in x ’ = out
2
where ( out , fb ) = unzipSY $ comb4SY
rtrpFunc ct s_in x ’ fb ’
3
fb ’ = delaySY ( f0 , g0 , m0 , x0 ) fb

In a similar way, Listing 2 shows the ForSyDe implementation of the Voter process, where voterFunc is a Haskell
function that implements (10) to (11).
Listing 2: Voter process implemented in ForSyDe.
1 voter cv s1 s2 s3 s4 s5 = unzip3SY $ comb2SY
voterFunc cv ( zip5SY s1 s2 s3 s4 s5 )

Listing 3 shows the ForSyDe implementation of the Control
Device process, where ctrlDevLogic is a Haskell function
that implements (12) to (15), and prosopon1 is a Haskell
implementation of a 3-tuple (f, g, m).

Listing 3: Control Device process implemented in ForSyDe.
1 ctrlDev r = ( cv , cts )
2
where ( cv , m , ct ) = unzip3SY $ comb3SY (
ctrlDevLogic prosopon1 ) r m ’ cv ’
3
cts = unzip5SY ct
4
m ’ = delaySY 0 m
5
cv ’ = delaySY (1 ,2 ,3) cv

by the fault in RTRP2 , nor the reconfiguration of RTRP4 . We
can also notice that r = 4 when k = 5 and k = 6, indicating
that the Voter is signaling the Control Device about an error in the output of RTRP4 . As RTRP4 is being reconfigured in
this interval, the Control Device is in the Reconf state and,
therefore, is ignoring the values arriving through r.
Table 1: Simulation results in ForSyDe

Finally, Listing 4 shows the TMR process network from Figure 2 implemented in ForSyDe.

k
sin
sout
y1
y2
y3
y4
y5
r

Listing 4: TMR process network implemented in ForSyDe.
1 tmrPN s_in = (r , s_out , out2 , out4 )
2
where out1 = rtrp1 ct1 ’ s_in x ’
3
out2 = rtrp2 ct2 ’ s_in x ’
4
out3 = rtrp3 ct3 ’ s_in x ’
5
out4 = rtrp4 ct4 ’ s_in x ’
6
out5 = rtrp5 ct5 ’ s_in x ’
7
( s_out , x , r ) = voter cv ’ out1 out2
out3 out4 out5
8
x ’ = delaySY ( Prst 0) x
9
( cv , ( ct1 , ct2 , ct3 , ct4 , ct5 ) ) =
ctrlDev r
10
cv ’ = delaySY (1 ,2 ,3) cv
11
ct1 ’ = delaySY Abst ct1
12
ct2 ’ = delaySY Abst ct2
13
ct3 ’ = delaySY Abst ct3
14
ct4 ’ = delaySY Abst ct4
15
ct5 ’ = delaySY Abst ct5

4.1

Simulation Results

To simulate the TMR architecture, we first need to define the
functionalities of each RTRP. The first three RTRPs are implemented to behave as accumulators, i.e. each input is added to
the result of the previous execution. Functions f and g, from
(16) and (17), are used to implement such accumulator. To
simulate a failure in one of these three RTRPs (in this case, we
chose to be RTRP2 ) we implemented a faulted accumulator,
replacing f for f̃ given by (18), in which when the result of
the previous execution is 3, instead of adding the input to it,
it will subtract. RTRPs 4 and 5 are implemented using f̄ given
by (19). We assume that it takes 2 clock cycles to reconfigure
a new RTRP, i.e. m = 2.
f(x, u) = x + u
g(x, u) = x
(
x u if x = 3
f̃(x, u) =
x + u otherwise

(16)
(17)

f̄(x, u) = x

(19)

u

(18)

Table 1 shows the simulation results considering a constant
input stream of ones. When k = 4, RTRP2 outputs the wrong
result, as seen in y2 . At the same instant, the Voter detects
such fault and signals the Control Device that an error occurred in RTRP2 and, therefore, it needs to be replaced. Then,
the Control Device starts the reconfiguration procedure for
RTRP4 , which takes 2 cycles to complete. When k = 7, RTRP4
is fully reconfigured and matches the RTRP1 and RTRP3 outputs. As we can see, the output given by sout is not affected
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Related Work

The idea of using triple modular redundancy with runtime reconfiguration is not new. SRAM field programmable gate arrays (FPGAs) must protect its configuration memory from
SEUs, and TMR techniques are applied to such devices.
However, when a majority voter is fed with two wrong answers, possibly caused by multiple independent SEUs, it produces the wrong result. One way to solve this issue is to periodically write back the whole bistream of each module, which
is time consuming and leaves the modules inactive during this
period. [7] proposes an optimization of the reconfiguration
time in order to cope with this problem.
Another application of TMR using RTR is presented by [8],
where an adaptive reconfigurable voting mechanism whose
main goal is to extend the dynamic and partial reconfiguration
SEU mitigation to the voter, which is usually the single point
of failure in TMR architectures.
A novel technique for synchronizing the states of a newly reconfigured module is presented in [9]. Such technique consists on predicting the future state to which the system will
soon converge (check point state) and presetting the reconfigured module to it. Therefore, only the reconfigured module
will be set on hold until the check-point state is reached.
The research introduced in [10] claims an improvement of
fault resilience, on up to 80%, by composing and applying
space and time redundancy, i.e. multiprocessors and scheduling, with task migration among processors in hard real-time
systems design. That architecture follows the multiple instruction, multiple data (MIMD) taxonomy, as proposed by
[11].

6

Conclusion

This paper introduced a high level abstraction architecture for
safety-critical systems with runtime reconfiguration (RTR)
using the triple modular redundancy and the synchronous
(SY) model of computation (MoC).

The triple modular redundancy was chosen to be the mechanism for detecting and masking faults. While the triple modular redundancy is a classic way to implement fail mitigation
in safety-critical systems, in the event of a permanent fault,
the system can mask such fault. However it gets vulnerable to
a second fault.
A triple modular redundancy using RTR provides a way for
the system to circumvent failures in the presence of multiple
permanent faults, provided that no “two faults” happen in a
time interval defined by the reconfiguration time of a new
module.
We implemented the proposed high level architecture model
in the framework ForSyDe and verified that a new RTRP can
be correctly reconfigured in m cycles and can have its states
synchronized with the other two RTRPs.
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Abstract
The data link is considered a critical function of modern aircraft, responsible for exchanging
information to the ground and communicating to other aircraft. Nowadays, the increasing
amount of exchanged data and information brings the need for network usage optimization.
In this sense, data compression is considered a key approach to make data packages size smaller. Regarding the fact that avionics systems are safety-critical, it is fundamental not losing
data nor performance during the compression procedures. In this context, manufacturers and
regulatory agencies usually follow DO-178C guidance. Targeting model-based embedded
design guidelines, DO-178C includes a supplement document, named DO-331. In this paper, we describe a widely used data compression algorithm, the Lempel-Ziv-Markov Chain
algorithm (LZMA). Regarding formal model-based design, we argue that the synchronous
dataflow model of computation captures the algorithm behavior more directly. The Formal
System Design (ForSyDe) methodology is used to model the LZMA.
Keywords: data compression algorithm, avionics data link, DO-178C, DO-331, formal models of computation, synchronous dataflow.

1 Introduction
A wide range of aircraft functions with different safety requirements is present in the avionic system of today’s modern
aircraft. One of these aircraft functions is the data link. It is
responsible for exchanging information to the ground, besides
communicating to other aircraft during flight.
As the number of aircraft functions increases, the complexity of avionics systems exponentially grows. The number of
processors, transducers and exchanged data and information
also increase. This brings the need for network usage optimization. In this sense, data compression is considered a key
approach to making data packages size smaller.
Considering that the avionics systems are safety-critical, it is
fundamental not losing data nor performance during the compression procedures [1]. In this scenario, manufacturers and
regulatory agencies follow the DO-178C [2] guidance. That
document is developed and maintained by the Radio Technical Commission for Aeronautics. DO-178C aims to ensure
that software development for avionics systems is dependable, safe, and meet the specified requirements.

Because of this, formal models of computation (MoC) have
been used to model, simulate and verify algorithms in the system design and implementation phases, considering the embedded systems area. DO-178C includes a supplement document describing model-based design guidelines, named DO331 [3].
Given this context, we address in this paper the formal
modeling and simulation of a widely used data compression algorithm, named Lempel-Ziv-Markov Chain algorithm
(LZMA). It is included as a CPU benchmark by the Standard
Performance Evaluation Corporation (SPEC) [4].
Regarding formal model-based design, we argue that the synchronous dataflow (SDF) model of computation captures the
algorithm behavior more directly. The LZMA intends to generate a compressed file based on the processing of a general
data stream input. The Formal System Design (ForSyDe)
methodology [5] is used to model the LZMA in our paper.

c The Authors, 2019.

2 Background

2.3

This section presents the concepts used along with this paper including models of computation (MoC), synchronous
dataflow (SDF) MoC, and the Lempel-Ziv-Markov Chain algorithm (LZMA).

Data compression has been used to optimize storage and communication buses. One of the compression techniques is
based on dictionaries, which consists of saving strings of a
previously read input stream interval, composing a dictionary.
When new groups of symbols are being read in, the algorithm
searches through the dictionary, then the matches are encoded
as pointers and sent as the output.

2.1

Model of Computation (MoC)

An MoC represents an abstraction of a real computing device
[6], which may have different behaviors and applications. It
includes the relevant characteristics and properties for that
particular model. Thus, different MoCs are used for modeling
different systems depending on their behavior.
MoCs can be defined as an abstract rules collection stating
the semantics of execution and concurrency in computational
systems.
In this context, the tagged signal model (TSM) is also present.
It is introduced as a meta-model, or even a framework, defining systems as compositions of processes acting on signals [7].
A signal is a set of events ei = (ti , vi ), which are elementary
units of information composed by a tag ti 2 T , and a value
vi 2 V . A signal can be viewed as a subset of T ⇥V . A process
P is a set of possible behaviors acting on a signal. The set
of output signals SO is given by the intersection between the
input signals SI and the process: SO = SI \ P. A process is
functional when there is a single value mapping f : SI ! SO
which describes it. Therefore, a functional process has either
one behavior or no behavior at all.
TSM divides MoCs basically into timed and untimed. In a
timed MoC, the set of tags T is totally ordered, i.e. one can
order every event included in the model based on its tag. On
the other hand, in an untimed MoC, the set of tags T is partially ordered, i.e. only local groups of events can be ordered
based on its tag, e.g. the ones belonging to the same signal.
2.2

Synchronous Dataflow (SDF) MoC

A subclass included in the untimed MoCs comprehends the
dataflows, which are directed graphs where each node represents a process and each arc represents a signal path. When a
process is activated, i.e. fired, it consumes a certain amount of
data, denominated tokens, from its input ports and generates
another amount of tokens for its output ports. The amount of
tokens consumed and produced by the ports in a single activation cycle is denominated token rate [8].
In SDF, the token rates are fixed and predefined, represented
by a natural number associated with each input and output
ports. An actor can fire only if the input signal paths have
enough tokens to supply the amount needed by all input ports
of the actor. As a consequence, no signal path can have a
negative amount of tokens.
The predefined and fixed token rates of SDF actors allows efficient modeling of systems like signal processing or finding a
static schedule for single and multi-processor implementation
and also buffer size definitions [8].

Data Compression Algorithms

Abraham Lempel and Jacob Ziv have presented their first
dictionary-based compression method in 1977 [9], which is
referred to as LZ77. That method limits the previously read
interval to a determined size window, which follows the data
processing, creating the concept of sliding window encoding
(SWE), which makes the algorithm simple and faster [10]. In
1978, LZ78 was presented [11]. The difference is that its dictionary is composed of all the symbol strings from previously
read stream and it builds a single character at a time, making
this algorithm longer but with a higher compression rate.
The algorithm analyzed in this paper, LZMA, was first used
in 7z file format [12] and is presented as a benchmark by
SPEC [4], comparing its implementation using different architectures.
2.3.1

Lempel-Ziv-Markov Chain Algorithm (LZMA)

LZMA was created as an LZ77 optimization, providing
higher compression rate and fast decompression, with lower
memory requirements [13]. It is open source and implemented in several different programming languages, including C,
and Java, as an SDK [12].
LZMA can be divided into two steps, although an additional
filtering step can be added before LZMA, aiming the optimization of the compression algorithm, as illustrated in Fig. 1.

Input Data
Stream

Uncompressed
Data

Delta Encoding

Delta Decoding

Sliding
Dictionary
Encoding (LZ77)

Sliding
Dictionary
Decoding (LZ77)

Range Encoding

Range Decoding
LZMA

Compressed
Data

Figure 1: LZMA compression and decompression block diagram, based on [10].
Step1 Delta encoding – this step consists of an optional data filtering that encodes the input stream outputting, for each
byte, a byte representing the difference between the current and the previous bytes. The first byte output is itself.
This process makes the sliding window more efficient;
Step2 Sliding dictionary encoding – this step is based on the
LZ77 algorithm, although it supports larger dictionaries.

Optimized search algorithms were implemented to perform faster searches in these dictionaries, named hashed
chain and binary trees [13]. The output is, as in LZ77, a
sequence of triplets, composed by the distance from the
string in the look-ahead buffer to its match in the search
buffer, the length of the string, and the next input symbol;
and

• Aswe – Sliding window encoding block. It encodes the
input stream based on a dictionary structure, outputting a
literal, a match or an absent value in each process firing;

Step3 Range encoding – this step is context-based. The compressed range in each iteration is estimated based on
probabilistic algorithms and can form a set of predefined
types of packages depending on the input range size.
This was first presented by [14]. In LZMA, the compression adopted context is the output of Step2 in each
firing cycle.

• Sis – Input stream. It comprehends the input to be compressed;

3 Lempel-Ziv-Markov Chain Modeling
This section presents the LZMA modeling based on the SDF
MoC. Next, a brief model description is presented, followed
by the model design using ForSyDe.
3.1

Model Description

The LZMA compression has as input a data stream, which
is processed by a sequence of defined steps, outputting a
compressed and encoded byte stream. Such behavior can be
modeled using a dataflow MoC. Towards simple modeling,
our paper presents the LZMA compression model based on
SDF MoC, considering the decompression to be a similar process.
LZMA has a set of parameters that are user-defined at the
compression beginning. These parameters configure the algorithm behavior, data structures, and performance. For an
initial formal modeling purpose, this paper considers some
specific configurations. The following introduces a list of assumptions taken into consideration to model the simplified
LZMA version.
A1 the absence of the delta encoding filter;
A2 the sliding window encoder step is changed to use a similar algorithm, i.e. LZ78 sliding window encoder [11]
was adopted instead; and
A3 a fixed probability range encoder.
Figure 2 illustrates the LZMA modeled as a SDF functional
graph.
Sis
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Figure 2: LZMA SDF MoC graph
The model blocks and communication paths are defined as
follows:

• Are – Range encoding block. It performs a bit-wise compression of the literals and matches, generating a byte for
each one, resulting in the final compressed stream;

• Sfc – Compressed stream first step. It contains the tokens
already compressed using the sliding window encoding
method;
• Scs – Compressed stream. It represents the final LZMA
output;
• SWEFBtok – Sliding window encoding feedback token. It
is composed of the dictionary data structure, updated at
each Aswe firing;
• REFBtok – Range encoding feedback token. It is composed of the considered range, lower limit and encoded
character cache memory, updated at each Are firing;
• LZtok – Sliding window encoder output token. It can
have an absent value or a tuple, depending on the Aswe
read input token. In the latter case, the tuple is composed by a read character and another entry. If the read
character is not in the dictionary, the first tuple entry is
an absent value, and the token represents a Literal. Otherwise, the first entry represents the number of characters that was repeated inside the sliding window, and the
token represents a Match; and
• Hdr – Initial bytes contained in the output compressed
stream. It comprehends the configuration setup, besides
the dictionary and uncompressed input stream sizes.
3.2

Modeling supported by ForSyDe

The ForSyDe framework was chosen to be used in the present
paper based on the frameworks comparison presented in [15].
In view of that, we use ForSyDe to model LZMA as described
in the previous section.
In ForSyDe, the SDF MoC actors, i.e. blocks presented in
last section, are modeled as processes, and the communication paths as signals.
Listing 1 presents the model processes definitions, using the
process constructors from the ForSyDe SDF library. For brevity, this paper only presents the main processes and signals
models and definitions. However, the full functional implementation of the LZMA model can be found in [16].
Regarding the sliding window encoding, the Aswe actor was
modeled as lzA, using the ForSyDe SDF process constructor
actor22SDF, which indicates that the process has 2 inputs
and 2 outputs. The SWEFBtok dictionary was modeled as fb.
The LZMA input Sis was represented by the sIs signal, and
the Sfc by the sFc signal.
When modeling the range encoding step, the actor Are
was represented as rgA based on the process constructor
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actor22SDF. The REFBtok range encoding variables tuple
was modeled as sFb. The output compressed stream Scs was
modeled as sCs, and the initial header Hdr as initHdr.

[2] Radio Technical Commission for Aeronautics - RTCA.
DO-178C - Software Considerations in Airborne Systems and Equipment Certification, 2012.

Listing 1: LZMA code snippet in ForSyDe SDF/Haskell

[3] Radio Technical Commission for Aeronautics - RTCA.
DO-331 - Model-Based Development and Verification
Supplement to DO-178C and DO-278A, 2011.

-- LZ ( Sliding Window ) Encoding actor definition
-- Input is the lzma input stream Sis
-- Output is the first step compressed stream Sfc
lzA :: Signal Char -> Signal ( Maybe ( Maybe Int , Char ) )
lzA Sis = Sfc
where ( Sfc , fb ) = actor22SDF (1 ,1) (1 ,1) lzF Sis fb ’
fb ’ = delaySDF [([] , " " ,0) ] fb
-- Range Encoding actor definition .
-- Input is the first step compressed stream Sfc
-- Output is the compressed LZMA stream output Scs
rgA :: Signal ( Maybe ( Maybe Int , Char ) )
-> Signal [ Char ]
rgA sFc = sCs ’
where ( sCs , sFb ) = actor22SDF (1 ,1) (1 ,1) rangeFunc
sFc sFb ’
sCs ’ = delaySDF initHdr sCs
sFb ’ = delaySDF [( rangeInit ,0 , chr 0) ] sFb
initHdr = [([ dictsize ] ++ [ inpLen ]) ]
inpLen = ( intToDigit ( lengthS sFc ) )

Listing 2 presents how the simplified LZMA process network
lzmaSdf is assembled to compose the algorithm completely
written using ForSyDe MoC. The range encoding process rgA
is executed having the output of sliding window process lzA
as input.
Listing 2: LZMA process netword in ForSyDe SDF/Haskell
1
2
3
4
5
6
7
8
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module Lzmasdf (
lzmaSdf
) where
import
import
import
import

ForSyDe . Shallow
Rangesdf
LZsdf
Data . Char

-- Simplified LZMA process network
lzmaSdf :: Signal Char -> Signal [ Char ]
lzmaSdf sLzmaIs = sLzmaOut
where sLzmaOut = rgA ( lzA sLzmaIs )

4 Summary
This paper presented a simplified Lempel-Ziv-Markov Chain
algorithm (LZMA) modeling based on the synchronous dataflow (SDF) model of computation (MoC) using the ForSyDe
framework. Some configurations and behaviors assumptions
were adopted towards the definition of actors ports fixed token
rates. Those assumptions allowed for a first simple LZMA
formal modeling and simulation.
As future work, we plan to implement LZMA based on the
scenario-aware dataflow (SADF) modeling and simulation
framework introduced in [17], which supports variable token
rates, resulting in a more advanced LZMA model.
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Abstract
The community related to the avionics systems domain tends to be conservative mainly due
to the safety-critical requirements this kind of system has to comply with. With respect to the
presented context, this paper addresses and discusses the next challenges of future avionics
systems always considering the safety-critical aspects and the possibility of formal models
of computation application together with domain-specific architectures. Runtime partial reconfiguration, for example, is one promising way to mitigate the increasing failure rate and
thereby fulfill safety requirements. N-modular redundancy implementation with different
hardware architectures is also analyzed considering reconfigurable computing.
Keywords: domain-specific architectures, avionics systems, safety-critical systems, runtime
reconfiguration, reconfigurable computing, formal models of computation.

1 Introduction
The industry community related to the avionics systems domain tends to be conservative mainly due to the safety-critical
requirements this kind of system has to comply with. In that
case, the majority of development follows the DO-178 [1] for
the software, and the DO-254 [2] for the hardware guidance.
On the other hand, high-volume commercial electronics usually dictates some trends such as environmental concerns like
the restriction of hazardous substances and packing more and
more functionality with enhanced performance into smaller
packages also taking into account lower power-consumption.
Along the time, this led to chip geometries in the order of
nanometers.
Nowadays, computer architecture improvement to deliver
performance enhancements is getting harder to achieve, compared to the renascence period from about 50 years ago. The
more relevant facts are the end of Dennard scaling and the
slowdown of Moore’s Law. Chien [3] points out the end
of Dennard’s scaling, shift to multicore, and slowing in the
clock rate growth as disruption from bellow. That author also
mentions the considerable architectures customization in mobile and embedded devices. Those facts have impact on the
avionics systems domain as the system complexity increases
exponentially from one generation to the next.
In view of this, one current trend in high-performance computer architecture is the use of domain-specific architectures
(DSA) instead of the general-purpose ones [4]. DSA is able
to provide performance and power benefits to face general-

purpose architectures that are not having significant performance improvements in the last years. Potential research areas
include high-quality implementations of open source architectures and reconfigurable computing which are nowadays
supported by system-on-chip (SoC) composed by a hard processor and FPGA with runtime full and partial reconfiguration
enabled [5].
With respect to the presented context, this paper addresses
and discusses the next challenges of future avionics systems
always considering the safety-critical aspects and the possibility of formal models of computation application together
with DSA. Runtime partial reconfiguration, for example, is
one promising way to mitigate the increasing failure rate and
thereby fulfill safety requirements. N-modular redundancy
implementation with different hardware architectures is also
analyzed considering reconfigurable computing.

2

Software & Hardware Working Together

Notice that software and hardware always needed to work together, especially with respect to embedded systems.
One of the basic concepts of embedded systems is hardware
and software tightly coupled to address an specific function.
However, the modern concept may be slightly different in
the sense embedded systems are becoming more “generalpurpose” concerning its hardware architecture and computing
power.
In this scenario, the following sections introduce the four
standards used to develop a safety-critical class of real-time

c The Authors, 2019.

embedded systems, i.e. avionics. Next, it is presented a
general overview of domain-specific architectures, reconfigurable computing, and models of computation.
2.1

System, Software & Hardware Avionics Standards

Typically, safety-critical systems are developed in regulated
environments by norms and standards. Examples are found
in domains such as: aviation, automotive, medical, railway,
space, and nuclear [6].
In avionics systems development, there are four standards
typically required to be used as part of the aircraft certification process: SAE ARP-4754A [7], RTCA DO-178C [1],
RTCA DO-254 [2], and RTCA DO-297 [8]. The relationship
among these standards is presented in Fig. 1.

Figure 2: General processes available at SAE ARP-4754A
(EUROCAE) has an Equivalent Document ED-12. In 2011,
the current RTCA DO-178C [1] was released.
The RTCA DO-178C has five software levels broken down
into objectives to be satisfied. The satisfaction of applicable
objectives enables the software approval as part of the aircraft
certification process. Among the five existing software levels
(A, B, C, D, and E), level A is the most rigorous and requires
compliance with all objectives of the standard. The level E
refers to software products which malfunction does not result
in loss of safety margins.
As presented in Table 1, the classification of the failure condition is associated with the defined software levels. For each
software level, a set of objectives are required for compliance
demonstration.

Figure 1: Relationship among certification standards

Table 1: RTCA DO-178C software levels

All those standards use safety classification. The system failures are classified within five categories: catastrophic, hazardous, major, minor, and no safety impact. The products
(systems, software, or hardware) which malfunction, cause or
contribute to a system failure occurrence have an attributed
design assurance level (DAL) according to the most critical
system failure condition.
2.1.1

SAE ARP-4754A

According to Xiaoxuna et al. [9], the SAE ARP-4754A [7]
has been prepared primarily for electronic systems which, by
their nature, may be complex and are readily adaptable to high
levels of integration. However, the guidance is also applicable
to engine systems and related equipments. It provides updated
and expanded guidelines for processes used to develop civil
aircrafts and systems that implement aircraft functions.
The SAE ARP-4754A has 47 objectives presented in Table
A-1, published in Appendix A of the standard. Those objectives are organized in 8 processes: Planning; Aircraft and system development process and requirements capture; Safety
assessment; Requirements validation; Implementation verification; Configuration management; Assurance; and Certification authority coordination. These processes are organized in process model as presented in Fig. 2.
2.1.2

RTCA DO-178C

The first version of RTCA DO-178 was released in 1982.
The European Organization for Civil Aviation Equipment

Failure Condition

Software Level

Catastrophic
Hazardous
Major
Minor
No Safety Impact

A
B
C
D
E

Objectives
71
69
62
24
None

The 71 RTCA DO-178C objectives are presented in 10 tables,
published in Annex A of the standard. The tables identify
software process objectives with the following characteristics:
Planning (Table A-1); Development (Table A-2); Verification
of the high and low-level requirements and software architecture (Tables A-3, A-4, and A-5); Verification of source and
executable codes (Tables A-5 and A-6); Testing and analysis
(Table A-7); Configuration control (Table A-8); Quality assurance (Table A-9); and Certification (Table A-10). These
processes are organized and presented in Fig. 3.
As part of the effort of the DO-178C release, other supplementary standards were also developed, including special recommendations, regarding tool qualification (RTCA DO-330
[11]), model-based development and verification (RTCA DO331 [12]), object-oriented technology (RTCA DO-332 [13]),
and formal methods (RTCA DO-333 [14]).
2.1.3

RTCA DO-254

According to Kounish et al. [15], the RTCA DO-254 [2] is
the standard which is used for the airborne and safety-critical
application providing a proper guidance to assure the design

system; and IMA aircraft. These levels of acceptance are organized as illustrated in Fig. 5.
A component is a self-contained hardware part, software part,
database, or combination thereof that is configuration controlled. A component does not provide an aircraft function by
itself.
A module may be software, hardware, or a combination of
hardware and software, which provides resources to hosted
applications. Modules may be distributed across the aircraft
or may be co-located.
An application is a collection of software and/or hardware
modules with a defined set of interfaces that, when integrated
with a platform, performs a function.
Figure 3: RTCA DO-178C processes organization [10]
of airborne electronic hardware. It has many similarities with
RTCA DO-178C. As an example, the RTCA DO-254 has also
five design assurance levels broken down into objectives to be
satisfied.
The RTCA DO-254 objectives are presented in Table A-1 and
published in Appendix A of the standard. It has 6 processes:
Planning; Requirements; Conceptual design; Detailed design;
Implementation; Validation; Verification; Configuration management; Assurance; and Certification. These processes are
organized and presented in Fig. 4.

At component, module, and application levels, the developments of such parts should follow the RTCA DO-178C and/or
the RTCA DO-254.
A platform is a group of modules that establishes a computing
environment, support services, and platform-related capabilities, such as health monitoring and fault management.
An IMA system-level consists of platform(s) and a defined set
of hosted applications.
The IMA aircraft-level should demonstrate that each aircraft
function and hosted application functions as intended, supports the aircraft safety objectives, and complies with the applicable regulations. However, during the installation activities, the interactions between hosted applications relative to
the provided aircraft functions should be verified and validated during aircraft ground and flight testing.

Figure 4: RTCA DO-254 processes organization [2]
2.1.4

Figure 5: Levels of IMA approval

RTCA DO-297

According to RTCA DO-297 [8] glossary, the integrated modular avionics (IMA) is
“a shared set of flexible, reusable, and interoperable hardware and software resources that, when
integrated, form a platform that provides services
designed and verified to a defined set of safety and
performance requirements, to host applications performing aircraft functions”.
An IMA system architecture is composed of one or more platforms and includes interfaces to other aircraft systems and
users.
The IMA typical approach consists of the following levels of
acceptance: component; module; application; platform; IMA

2.1.5

Wrap-Up

Together, these four standards are closely pursued in the development of avionics systems. From the system perspective,
passing through modules, down to the software and the hardware.
The conservatism from the avionics system community is
mainly due to the levels of impact a failure may cause, for example, level A in DO-178. Therefore, new trends are almost
always seen as “dangerous” to be included or considered in
avionics.
However, if those trends are backed-up by sound basis, they
can be step by step introduced in future generation systems.
We argue that it is the case regarding domain-specific architectures supported by reconfigurable computing and models

of computation.
2.2

Domain-Specific Architectures

During the semiconductor boom, supported by the Moore’s
Law, general-purpose code was accelerated in generalpurpose cores, including techniques such as cache hierarchy;
512-bit single instruction, multiple data (SIMD) floatingpoint units; various pipeline stages; dynamic branch prediction; out-of-order execution; speculative execution; multithreading; and multiprocessing. Nowadays, it is needed
a paradigm shift in computer architecture to achieve a new
level of efficiency. This shift concerns moving from generalpurpose hardware to domain-specific architectures [4].
Gupta [16] mentions three different architectures, as shown in
Table 2.
Table 2: Architecture paradigm and domain [16]
Architecture

Domain

Scalar (e.g. CPU)

Complex algorithms with diverse decision tree. Limited in performance
scaling.
Efficient in reduced set of parallelizable functions.
Suffers latency
and penalties related to memory hierarchy.
Customized to computer a particular
function. May take hours to compile
and synthetize.

Vector (e.g. GPU)

Programmable
logic (e.g. FPGA)

Central Processing Unit (CPU); Graphics Processing Unit (GPU);
Field Programmable Gate Array (FPGA).

Different from general-purpose architectures, the hardware
can be specific and optimized for a particular domain in DSA.
Moreover, this can be done in runtime, as discussed in the
next section.
In this sense, computers will be more and more heterogeneous.
2.3

Reconfigurable Computing and Formal Models of
Computation

Reconfigurable computing includes computation research towards the use of reconfigurable devices. In this case, for a
specific application requirement, i.e. domain-specific, and at
given time frame, the reconfigurable devices’ spatial structure
is changed to comply with a given objective [17, 18].
Reconfigurability is the "art of engineering degrees of freedom into embedded systems", as highlighted by [19]. Notice,
that this concept is different from the adaptiveness. The latter stands for a possible behavioral ability a system can have
that aids to decide how the system should be reconfigured in
a optimized fashion. Adaptive computing is stated as one of
the reconfigurable computing research areas.
A reconfiguration design is presented in [5]. The author introduces a hardware and software composition which shows

the application of both partial and full runtime hardware reconfiguration based on a heterogeneous computer. In other
words, a SoC with scalar and programmable logic elements
integrated in a single package. Then, that reconfiguration
design, composed by hardware and software, can be classified as a domain-specific architecture.
Architectures like that can be applied to the avionics systems
domains, as far as they are able to provide the safety inherent
from this domain.
In this sense we can use formal models of computation (MoC)
together with runtime reconfiguration to provide flexibility
and performance along with safety to future avionics systems.
Different models types exist to address different purposes.
Functional modeling is used to address the functional behavior of a system. On the other hand, design and synthesis
refine into implementation details. A model is defined as an
abstraction of an entity, e.g. a physical system or even another
model, according to [20]. That author also states that abstraction is a method for choosing which aspects will be taken into
account when modeling a system.
A MoC is an abstraction of a physical computing device, and
so, different MoCs serve to different objectives.
MoCs are based on three main points: processes, events, and
signals. The following definitions are derived from [20, 21].
Definition 1. Event. Elementary information unit exchanged
between processes.
Definition 2. Signal. Processes communicate to each other
by writing to and reading from signals, which are a sequence
of events. Signals preserve the order that events are entered.
Each event has a tag and a value. Tags can be used to model
physical time, events order, and other key properties of a
MoC.
Definition 3. Process. Receives and send events. The process
activity is comprised of evaluation cycles, i.e. an application
of a function which maps inputs to outputs. Then, in each
evaluation cycle the process receives inputs, computes, and
sends outputs.
Definition 4. Process Constructor. Parameterizable templates for instantiating processes, i.e. a higher-order function.
Processes constructors are used to create processes. New processes can be created to form a hierarchical concurrent process network.
Definition 5. Model of Computation. Set of processes and
process networks implemented by a well-defined set of processes constructors.
The modeling task can be supported by a tool or framework.
Horita et al. [22] introduced a framework comparison method
with a number of desirable characteristics the tools should
have to aid in the formal modeling and simulation of systems.
ForSyDe was one of the frameworks analyzed.

Formal System Design (ForSyDe) [23] is a transformational
design methodology based on the functional programming
paradigm. It targets heterogeneous embedded systems [20].
A system is modeled as a hierarchical concurrent process network in ForSyDe. Processes communicate with each other by
signals.

(SDR). In the first case, it is possible to have many different
RISC bitstreams in the memory and load or unload them in
runtime using partial reconfiguration, according to the current
need. Regarding SDR, it is possible to have different implementations and use them depending on the present context to
address challenges such as size, weight, and power (SWaP).

In ForSyDe, we model a signal as a list of events, where the
event tag is implicitly given by the event position in the list.
The semantics of a tag is defined by the currently in-use MoC,
i.e., an identical tag of two events in different signals does not
imply these events happened at the same time. All events in a
signal must have values of the same type [21].

Some benefits of this scheme are hardware reuse resulting in
a reduced circuit area thus contributing to minimizing single
event upset (SEU), and the full control of the trade-off involving power consumption and performance.

3

The synchronous (SY) MoC splits the time domain into slots.
Everything inside a slot occurs at the same time. The evaluation cycle of processes lasts exactly one time slot in synchronous MoC [20], according to the perfect synchrony hypothesis, i.e. neither computation nor communication takes
time.

Hennessy and Patterson [4] mention that a current DSA challenge is how to port software, generally written in programming languages such as C/C++ and Ada, to different architectures. This challenge is similar to the one faced back in the
80’s: how to port code written in Assembly to different microcontrollers without the need to rewrite almost all of it. The
answer for the latter was high level languages and hardware
room. i.e. memory, to fit more and more code.

Synchronous processes consume and produce exactly one
event on each input and output in each evaluation cycle. This
implies the total order of all events in any signal in the SY
MoC. Events with the same tag appear at the same time instant.
Taking these fundamental basis explored so far, the runtime
reconfiguration can be modeled as higher-order function [24],
as follows.
The adaptive process reconfigSY definition is illustrated in
Fig. 6.

reconfigSYn

o
ap f = recon f igSYn
where:

sf
Figure 6: Process constructor for reconfigSY [21]

o = ap f (s f , (i1 , . . . , in ))
o[k] = s f [k](i1 [k], . . . , in [k])

reconfigSY synchronous reconfigurable process can be
modeled by using the mapSY ForSyDe process constructor.
recon f igSY = mapSY ($)

Another challenge to the integrated modular avionics is the
runtime hardware reconfiguration application. The question
is how to ensure the reconfiguration is safely performed in a
deterministic way.
Confidently, DSA together with formal models of computation figure as a promising trend for the next years.

4

Summary

This paper presented some considerations, supported in the
literature, on domain-specific architectures applicability to future avionics systems.

i1
..
in .

Next Challenges and Trends

(1)

Let’s assume an N-modular redundancy [25]. Typically, this
is applied to safety-critical system to provide dependability.
Different modules may be implemented differently even using
distinct hardware architectures, as long as their final output is
the same. This is totally possible to be implemented using
runtime reconfiguration, as shown in [26].
Concerning the aeronautics trend towards the second generation of integrated modular avionics adoption, DSA is certainly
a very good candidate to be used in future avionics systems.
Examples of applications combining DSA and runtime reconfiguration are reduced instruction set computers (RISC) designed for a specific computation, and software-defined radio

A research path is open concerning more and more application of formal models in real-time embedded safety-critical
systems such as avionics. Besides, reconfigurable computing
figure as one promising underlying element to achieve powerconsumption and performance efficiency in domain-specific
architectures.
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Abstract
The objective of this work is to develop a damage propagation model applicable to the study of
failure mechanism in composites induced by longitudinal compression. The damage
propagation model shall be based on an energy principle, quantified by the critical energy
release rate associated to matrix cracking, and on the study of the kinematics of the equilibrium
of a representative volume of a ply material within the damaged region of the laminate. It is
expected that the model proposed will be implemented within the context of the finite element
technology in order to expand its usefulness to realistic situations where multiple ply laminates
are used. The model to be proposed shall capture the onset of formation of kink-bands and
subsequently its propagation. It is formulated within the context of an energy based approach
that considers the critical energy release rate of the matrix in the failed elements of the mesh. A
damage parameter that ranges from 0 (intact) to 1 (fully damaged) is used that relates relative
shear strains in the matrix induced by loss of stability of a representative volume. The damage
models developed will be useful to realistically predict failure due to kink-band formation and
propagation mechanism. The results obtained will serve as the starting point for larger
collaborative projects involving strain rate effects and damage tolerant composites.
Keywords: Composites, damage tolerance, stress analysis

1 Introduction
The most prominent failure mode in fiber reinforced
composites subject to longitudinal compressive loadings is
kink-band formation. Rosen [1] was the first researcher to
propose a model to describe this type of failure in fiber
reinforced composites. However, Rosen's model, and a
series of subsequent models based on his model, predicted
unrealistic high strengths. It was only a few years later that
Argon [2] proposed an improved model that substantially
reconciled experimental and theoretical values of
longitudinal compressive strengths. The great contribution
from Argon was the consideration of initial local fiber
misalignment that facilitated initialization of fiber instability
followed by matrix shearing. Although Argon's model did
not consider additional fiber rotation due to the initial
misalignment it paved the way for other researchers to
propose more accurate models [3, 4].
Failure by kink-band formation is today recognized to be a
consequence of microbuckling and kinking, which are
induced by matrix yielding or cracking because of initial
misalignment of fibers in the laminate manufactured [5-6].
The most successful models up to date are based on the
investigation of the stability of representative volumes
where initial misalignments are present and the equilibrium

equation of a fiber is imposed on its displaced configuration.
Following that line of reasoning, Gutkin et al. [7] proposed a
failure criterion to determine the onset of kink-band
formation. All these earlier models, however, neglect
damage propagation and lack therefore the ability to predict
ultimate failure loads [8]. Moreover, they do not rely on or
propose specially formulated finite elements that possess the
capabilities to describe damage propagation in ways similar
to those observed for instance in decohesive type elements.
More recently, a number of published works included
damage propagation modeling in longitudinal crushing of
composites [9-10], but they do not explicitly consider
microbuckling as the main damage mechanism. This work
proposes to unite a microbuckling explicit model with
matrix crack damage propagation resulting in a new
alternative way to investigate failure under longitudinal
compression.

2 Representative volume and matrix shear
strain
The fibers are assumed to be cylindrical with diameter φf . In
a 3D situation fibers are arranged in hexagonal packing with
a fiber volume fraction vf. Figure 1 presents the 3D and 2D
configurations. The total area A of the hexagon in Fig. 1 is A
= 3√3(tm + φf)2/2 and the area covered by fibers is Af =

c The Authors, 2019.

3πφf2/4. Hence, the fiber volume fraction is vf = Af /A leading
to the conclusion that

π

tm φ f

2 3v f

(b) loaded configuration

(1)

−1

θ + θ0

δx
tmcos(θ + θ0)

φf

φf
tm

δu m
δv m

3D situation

φf/2
tm

tm

φf

2D situation

φf/2

θ + θ0
Figure 2: kink-band region: (a) unloaded and (b) loaded

Figure 1: representative volumes

whereas a 2D model implies

v2f D

φf

(2)

φ f tm

The representative volume of the composite ply in the kinkband region is shown in Fig. 2, where the unloaded and
loaded configurations are sketched. The initial geometric
configuration of the representative volume is completely
described by its length δx, the initial fiber misalignment
angle θ0 and the width of the matrix layers between fibers tm.

The relevant geometric and kinematic information are
displayed in Fig. 2. After loading the misalignment angle
increases to θ + θ0. It is assumed that the fibers are
incompressible such that, initially, two neighboring fibers
are separated by a distance tmcosθ0, and, after loading, this
distance drops to tmcos(θ + θ0). Moreover, the length δx is
fixed. The shear deformation in the matrix is given by

γm

δum δvm
δy δx

(3)

where δum and δvm, according to Fig. 2, can be expressed as

δum φ f [sin(θ θ0 ) − sinθ0 ]

(a) unloaded configuration

δvm δx[sin(θ θ0 ) − sinθ0 ]

δx

(4)

The value of δy can be computed as shown in Fig. 2: δy =
tmcosθ0. Substitution of δy and Eq. (4) into Eq. (3) yields

φf
tm

δy = tmcosθ0

γm

φ f [sin(θ θ0 ) − sinθ0 ] δx[sin(θ θ0 ) − sinθ0 ]
tm cosθ0
δx
1

φf
θ

φf
tm cosθ0

(5)

[sin(θ θ0 ) − sinθ0 ]

Since the initial misalignment angle θ0 is usually small (0o <
θ0 < 4o) a good approximation for Eq. (5) is

γm ≈ 1

φf
tm

sinθ

(6)

It is possible to go even further assuming that θ is small and,
considering Eq. (2), write

γm ≈ 1

φf
tm

θ

θ
1 − v2f D

(7)

This approach linearizes the problem in the variable θ, what
can sometimes be useful and may provide insight into the

constitutive relations involved. For a 2D model the shear
modulus of the matrix is

Gm2D

Gm
1− v2f D

P
S

(8)

τm

Thus, provided the deformation regime within the matrix
remains elastic and angle θ remains small, one can write

τ m Gmγ m (1− v2f D )Gm2D

θ
1− v2f D

τm
P

Gm2Dθ

S
Figure 4: Free body diagram of fiber in the loaded
configuration

When it comes to kink-band formation the relevant
homogenized stresses acting on the representative volume
are σ1 and τ12, which are depicted in Fig. 3. The fiber is
subject to normal stress σf. Assuming that the fiber is much
stiffer than the matrix, the classical theory of
micromechanics states that
(10)

The classical theory of micromechanics also indicates that
the shear stress is the same throughout the representative
volume. Hence, the shear stress in the fiber τf is equal to the
homogenized shear stress τ12 i.e.,

τ f τ12

θ + θ0

(9)

3 Equilibrium equation in the loaded
configuration

σ f φ f σ1(φ f tm )

θ0

(11)

The force equilibrium is clearly satisfied. Imposition of
moment equilibrium yields
(13)

Pδx sin(θ θ0 ) Sδx cos(θ θ0 ) τ mφ f δx
Substitution of Eq. (2) and (12) in (13) leads to

σ1
v2f D

(14)

sin(θ θ0 ) τ12 cos(θ θ0 ) τ m

Failure of the fiber is assumed to happen abruptly when the
fiber stress σf in Eq. (12) reaches the fiber compressive
strength Xfc. Before reaching Xfc it is assumed that the fibers
behave linearly.
Equation (14) describes the buckling of an initially
displaced rigid bar under the action of compressive and
shear forces as shown in Fig. 5. If the applied forces P, S
and the spring constant k are given by

τ12

σ1

P

σ1
Lv2f D

, S

τ12
L

, k

Gm2D
L

(15)

the moment equilibrium equation matches exactly Eq. (14),
provided τm is given by Eq. (9). Even if Eq. (9) is not
applicable, the original relation τm = Gmγm can still be used
and the spring constant k may be assumed to vary with θ.

σ1

S

τ12

P

θ + θ0
L

Figure 3: Homogenized stresses applied to the
representative volume

θ

The free body diagram of a single fiber in the loaded
configuration is shown in Fig. 4. The fiber orientation in the
unloaded configuration is also shown with the initial
misalignment angle θ0. Force P is the net effect of the
normal stresses in the fiber σf and force S is the net effect of
the shear stresses in the fiber τf such that, with the aid of
Eqs. (10) and (11),

P σ f φf

σ1(φ f tm ) , S τ f φ f τ12φ f

(12)

θ0
k
Figure 5: Initially displaced rigid bar
Notice that, if one assumes elastic regime and small angles,
then substitution of Eq. (9) into Eq. (14) will result in a
linear equation that can be solved for θ. Hence, under these
simplifying assumptions, the moment equilibrium equation

can be explicitly solved for θ. A simple stress based
criterion for fiber kinking can be subsequently proposed if
energy balance considerations during crack formation come
into play. This, however, is not the objective of this work.
Instead, a model that goes beyond the onset of failure shall
be proposed.

4 The matrix cohesive model
The proposed model behavior of the matrix in shear is
shown in Fig. 6. The damage parameter starts at zero and
reaches the maximum value 1 when the failure shear strain
γmf is reached and, consequently, the matrix has no stiffness
left, becoming completely degraded (see Fig. 6). SL is a
matrix property that determines the onset of matrix failure.

τm
A

SL
Gm

B
−γmf

−γm0

γm

Gm(1 − d)

O

γm0

γmf

−SL

5 Incremental model and the finite element
context
Two parameters are important to describe kink-band
formation: θ that can be computed from Eq. (14) and d that
can be computed from Eq. (16). It is also assumed that the
fibers respond linearly up to catastrophic failure when σf =
Xfc. Thus, the constitutive relations for both fiber and matrix
are

σf

Gf γ f , σ m Emε m , τ m Gmγ m (19)

Ef ε f , τ f

where Ef and Gf are assumed to be constant throughout. The
third equation σm = Emεm may pose a problem since the
matrix elastic modulus Em is needed and it would clearly
vary depending on the degree of degradation of the matrix.
One possible way around this difficulty is to adopt a damage
propagation
model
for
the
matrix
under
traction/compression similar to the one proposed in Fig. 6
for the matrix under shear. This would result in one
additional damage parameter. Another option is to consider
that, since kink-band formation is the relevant failure
mechanism in this study, the matrix will be under
compressive stresses just like the fibers. Hence, equation σm
= Emεm can be used up to the point where σm is equal to the
matrix strength under compression Xmc. In this study the
later option is considered.
The in-plane mechanical properties of a lamina can be
computed using the Halpin-Tsai rules of mixture as

Figure 6: Model behavior in shear
Once the initiation (γm0) and failure (γmf) shear strains are
available, the damage parameter can be expressed as

d

γ mf
γ
1− m0
γ mf − γ m0
γm

E1 Ef v2f D Em (1 − v2f D )

(20)

ν12 ν f v2f D ν m (1− v2f D )

(21)

ξ 1 40(v2f D )10

(22)

(E f / Em ) −1

(23)

(16)

ηE

Equation (16) is valid only for strain values that obey |γm| >
γm0, otherwise d = 0. If the matrix becomes damaged then d
> 0 and d never decreases, i.e., the model does not allow for
restoration of mechanical properties once the matrix is
damaged. Take for instance the loading path OAB in Fig. 6.
If, after returning to point O the material is again loaded, it
will follow path OB until it reaches point B. If further
loading is applied beyond point B the original curve of the
constitutive law is retaken until d = 1, when total failure is
reached.
Figure 6 shows that the inclination of the OB path is Gm(1 −
d). Hence, generally the stress × strain relation can be
written as

τ m Gm (1 − d )γ m

(17)

which, in the incremental form reads

∆τ m Gm (1 − d )∆γ m − Gmγ m∆d

(18)

In Eq. (18) it is tacitly assumed that there is no plastic shear
strain.

(E f / Em ) ξ

E2 Em

ηG

1 ξηEv2f D

(24)

1−ηEv2f D

(Gf / Gm ) −1

(25)

(Gf / Gm ) ξ

G12 Gm

1 ξηGv2f D

(26)

1 −ηGv2f D

where νf and νm are the fiber and matrix Poisson ratios,
respectively, assumed constant. The ply constitutive
equation is

σ1
σ2
τ12

1
1 −ν12ν 21

E1

ν12E2

ν 21E1

E2

0
0

0

0

(1−ν12ν 21)G12

which, in the incremental form reads

ε1
ε2
γ12

(27)

∆σ1
∆σ2
∆τ12

1
1−ν12ν 21

E1

ν12E2

0

∆ε1

0

ν 21E1

E2
0

0

∆ε2
∆γ12

0
γ12∆G12

0

(1−ν12ν 21)G12

(28)

∆θ

Notice that the matrix shear modulus Gm influences only G12
in Eq. (26). Hence, the term γ12∆G12 must be accounted for
in Eq. (28). The other ply mechanical properties (E1, E2, ν12)
are assumed to be independent of Gm.
In the finite element context the problem must be solved
incrementally. Initially consider that the equilibrium
problem in the weak form has been solved for time step n
such that
Ne

Ne

δqTe BTe σendVe

e 1 Ve

δqTe fendVe

δqTe BTe σen 1dVe

e 1 Ve

Ne

δqTe fen 1dVe

σ1
v2f D

cos(θ θ0 ) − ∆θτ12 sin(θ θ0 )

φf

Gm (1− d) 1
Gm 1

∆θ cos(θ θ0 ) −

tm cosθ0

φf
tm cosθ0

(34)

[sin(θ θ0 ) − sinθ0 ]∆d

Therefore, given the stress and damage increments (∆σ1,
∆τ12, ∆d), ∆θ can be computed and the fiber misalignment is
updated to θ + ∆θ.

(29)

6 Numerical results

e 1 Ve

where summation extends over all Ne elements in the mesh
and fe is the vector of external loads applied to element e.
Matrix Be is the discretization matrix that relates strains
within a given element to the element degrees of freedom
stored in qe: εe = Beqe. At the subsequent time step n + 1 the
new equilibrium equation in the weak form reads
Ne

∆σ1
sin(θ θ0 ) ∆τ12 cos(θ θ0 )
v2f D

A 1 m × 1 m × 0.125 mm single layer specimen, with fibers
oriented along the x axis is subject to compressive
prescribed displacement also along x. Figure 7 depicts the
situation. Only the center node is restricted to move along
the y direction in order to avoid rigid body mode. A 10 × 10
mesh of bilinear elements is used.
y

(30)

e 1 Ve

u0

u0

with σen 1 σen ∆σen 1 . Subtraction of Eq. (29) from Eq. (30),

x

and recognizing that δqe are arbitrary and geometrically
admissible virtual displacements
Ne

n1
n
BTe ∆σen 1dVe fext
− fext
∆fext

(31)

e 1 Ve

Figure 7: Single layer specimen under compression

where the combined effects of all fe have been grouped into
fext. Solution to Eq. (31) must be found iteratively. All the
terms relating to ∆σen 1 in the left-hand side of Eq. (31) must

The material properties used are reported in Table 1. Notice
that the initiation (γm0) and failure (γmf) shear strains of the
fibers are unnecessary for the present model. The fiber
volume fraction is assumed to be 60%.

be computed at the Gaussian stations used in the numerical
integration.

Table 1: Material properties used

Equations (5) and (14) in the incremental forms read
∆γ m

1

φf
tm cosθ0

∆θ cos(θ θ0 )

∆σ1
sin(θ θ0 ) ∆τ12 cos(θ θ0 )
v2f D
∆θ

σ1
v2f D

cos(θ θ0 ) − ∆θτ12 sin(θ θ0 ) ∆τ m

(32)

(33)

property

matrix

fiber

E11 [GPa]

2.6

240

E22 [GPa]

2.6

240

ν12

0.38

0.22

G12 [GPa]

0.94

98.36

γm0

0.002

−

γmf

0.005

−

Substitution of Eqs. (5), (18) and (32) into (33) yields
The initial fiber misalignment θ0 is defined (in degrees)
according to Eq. (35)

θ0 3.5o cos(πx / L)
where L is the edge length (L = 1 m) and −L/2 ≤ x ≤ L/2.

(35)

Figure 8 presents the result in terms of damage parameter d
computed with Eq. (16). Figure 8 is obtained for the
ultimate displacement u0 = 6 mm as illustrated in Fig. 7.
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relates relative shear strains in the matrix induced by loss of
stability of a representative volume.
Today commercially available finite element packages (e.g.
Abaqus) possess damage modeling capabilites. However,
they are not well suited for predictions of failure under
longitudinal compression since they dot not inherently
consider microbuckling and kink band formation, therefore
delivering poor results whenever crushing is involved. The
present model may be coupled with additional models for
damage propagation and failure predictions [11], and latter
incorporated into a commercial FE code. An element
deletion criterion would then be required in order to
simulate more realistic composite structures.
The model is based on physical principles and requires only
two parameters whose extraction is not difficult: the
initiation (γm0) and failure (γmf) shear strains of the matrix.
The numerical result present shows that the model is simple
to implement and captures the most essential behavior of
structural failure under compressive loadings.
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Abstract
In the aerospace industry, with low volumes and many products, there is a critical need to
efficiently use available manufacturing resources. Currently, at GKN Aerospace, resource allocation decisions that in many cases will last for several years are to some extent made with
a short-term focus so as to minimize machining time, which results in a too high load on the
most capable machines, and too low load on the less capable ones. This creates an imbalance
in capacity utilization that leads to unnecessary queuing at some machines, resulting in long
lead times and in an increase in tied-up capital. Tactical resource allocation on the medium
to long-range planning horizon (six months to several years) aims to address this issue by
allocating resources to meet the predicted future demand as effectively as possible, in order
to ensure long range profitability. Our intent is to use mathematical optimization to find the
best possible allocations.
Keywords: Tactical resource allocation, Capacity utilization, Mixed Integer Linear Programming, Optimization, Manufacturing, Aerospace, Resource loading, Logistics, Multi-objective
optimization.

1 Introduction
GKN Aerospace Engine Systems (GKN for short) in Trollhättan, Sweden, is a leading supplier of aircraft engine components. GKN’s components have presence in almost all major
commercial aircraft. The products produced in Trollhättan include casings and rotating parts for both the compressor and
the turbine section of the engine. Rotation and a high temperature differences between different parts of the engine puts
high, in many cases extreme, quality demands (tight tolerance
limits) on the components. The capital-intensive production
at a large aerospace tier-1 supplier like GKN is generally influenced by expensive materials, long supply lead times, a
large product mix and demand variations (see [1]). The potential reduction of tied-up capital that can be achieved by
decreasing lead times is therefore substantial; in addition the
project is expected to increase the overall resource utilization.
1.1

Production context

Manufacturing is performed in multiple steps, such as cutting
(milling, turning, drilling, and grinding), welding, assembly,
heat/surface treatments, and control/measurements. For cutting, GKN has a variety of production resources (machines)
with different functions. The factory is organized in several
functionally oriented production shops, and most of the pro-

duction resources are shared by different products. Each production shop is organized as a job-shop, where similar types
of machines are placed in proximity to each other. A complication is that it is, in practice, impossible to physically move
machines, as they are bulky and fixed into the ground in 2–5
meter deep pits. Thus, the factory as such can only to a very
limited extent be adapted to changes in the product mix; it
is therefore not possible (highly unlikely) to maintain perfect
flows of parts through the factory over time.
1.2

New product introduction

The process of introducing a new product is tied-up with tactical resource allocation decisions. These tactical resource
allocations (which are referred to in this text) should not
be mistaken for the short-term resource allocations done
when choosing between several available machining resources while scheduling. The latter is commonly addressed
in industry (see an example from GKN, [2]). The tactical resource allocations identify which production processes that
need to be developed. The processes developed then constitute the solution space for the short-term allocations, by
deciding which resources are available for allocation for the
short-term planning. The tactical problem therefore differs
significantly from the short-term planning problem.

c The Authors, 2019.

The development of the required production processes consists of a number of activities that are needed to get the
required approvals from customers and authorities in order
to make a resource available for a specific operation on a
product. The technical preparations (also called qualifications) often require several days of computer numeric control (CNC) programming, design and production of new fixtures, testing and validation, etc. These activities are the
main parts of an iterative process to acquire the customer approval, and may take several months to complete. The time
and costs associated with this process is often significant;
the initial resource allocations are therefore seldom changed.
However, if forced changes are made due to large variations
in product demand and/or changes in available capacity of
machines, it leads to delays and delivery disturbances. The
tactical resource allocations will thus have a long-lasting effect on delivery times, product profitability and efficiency of
the production system. Thus, it is of utmost importance that
the resource allocations are made in an optimal way, so that
changes in the later stages can be avoided.
The first step in the process to introduce new products is the
mapping of the new product to a suitable value stream. Different products, or part types (sometimes a product is made of
multiple part types), belonging to the same value stream are
quite similar in terms of functionality. For example, all rotating parts should be in the same value stream. The reason is
that it is easier to control geometrical tolerances by analyzing
the data on machines producing similar products. This data
is stored in the statistical process control (SPC) systems at
GKN. Studying the previous SPC results has been one way of
analyzing the suitability of a certain machine to handle new
parts, by studying historical process outcome on similar features, such as a hole. Then experts apply the tolerance limits
from the new part to get an understanding of how the machine
would perform when introducing this part. This is easier if the
newly introduced part is similar to the once already being machined. So, to get an overview on all the machining-related
characteristics for different machines is possible. These issues are of the highest importance in the aerospace industry,
as any regular occurrence of non-conformance (i.e., a slight
deviation from a customer tolerance limit) results in halting
of production.
Once a value stream is identified for the product, an operations list is created by the manufacturing experts. The operations list contains the operations needed to produce a certain
product (or part), as well as the specific machine in which the
respective operation must be performed. The capacity planners who are responsible for managing and determining production capacity are involved to check if the capacity is available in these machines. At this stage, however, no detailed
assessment of the impact on resource allocation of varying demand for products is made. This is the reason that sometimes,
when there are changes in the demand of some products or capacity of some machines, it may result in an additional effort
to change some product routings which requires waiting for
customer approval. Thus, the resource allocation plan should
be robust such that the routing is still feasible, even when demand or capacity has varied slightly from their respective ex-

pected values.
1.3

The need for tactical resource allocation

Internal company analyses have identified queuing at machines as a main contributor to long production lead times
(see [1, p. 66]). As the queues are often caused by uneven
loads on the production resources (see [3]), the production
system must be prepared for such unavoidable demand variations, i.e., the resources need to have some buffer capacity.
Due to accounting principles, the preliminary resource allocations often have a misleading impact on the internal cost
assessment (see [4]), which often results in sub-optimal decisions from an overall capacity planning perspective (i.e.,
fast resources are favored, leading to an unbalanced resource
loading). Therefore, a long-range tactical resource allocation
is essential to achieve the required flexibility to absorb these
variations, and to avoid unnecessary queuing.
This leads us to the research questions to be discussed in the
following sections. We need to identify an objective function
which will result in product routings with desirable properties, and in a later phase, good resource allocations. These
properties constitute a balanced distribution of work load
between machines; the robustness of the final allocation (minimum reallocations between time-periods); high machining
standards; and a minimum distance travelled by products/part
types between different physical areas in the factory. The relative importance of these objectives may vary, and it is an
area of policy discussions for GKN. However, a balanced capacity utilization and high machining standards are the two
most important properties.
1.4

Research front

There are rather few studies focused on the tactical resource
planning problem on the medium- to long-range planning horizon. Tactical planning in general is a tool that can be used
for reducing the effect of uncertainties in the production environment, and assist in creating stability in the production
system (see [5, 6]). One of the reasons why this type of optimization model has been developed with limited success in
few cases is due to the computational complexity of the problem. From a combinatorial perspective, there are so many
feasible solutions to evaluate that the computation times tend
to be so long that the problem has historically been considered
practically insoluble. Our research aims to utilize optimization theory to solve such models in a reasonable time frame.
There are not many industrial scale tactical resource allocation problem solved from a mathematical optimization perspective. This type of approach provides, not only a feasible
solution, but also a measure of goodness (the optimality gap,
i.e., the ratio of the difference between the best known solution and a value that bounds the best possible solution to the
best known solution) (see the full definition in [7]). Most of
the commercial software used to our knowledge either use
heuristics or some other inexact methods lacking this feature. However, there are commercial mathematical optimization solvers such as Gurobi [8] and CPLEX [9], which can
be used to solve such problems, but it requires identifying the

right objective function and constraints, and also modelling
them in an efficient way. This is also a part of what we do.

2 Scope and problem description
The scope of the proposed tactical resource allocation model
is restricted to allocating products to machines which perform
cutting operations. They includes milling, drilling, grinding,
and turning machines. The model should ideally be used
when a new product is introduced, or when there are significant changes in the machining capacity (e.g., decommissioning
of machines or the introduction of new machines). The proposed model should be used by the capacity planner and by
product introduction leaders at the company.
Each product has a bill of material containing details about
the product structure, including all the part types, and their
quantities used in the final product. However, it is quite
common that products are composed of one part. Each
product/part type has an operations list, i.e., a list of manufacturing operations, such as milling, drilling, turning, and
grinding, required to manufacture this product/part. A combination of a product/part and such a specific operation constitutes a job type. The task of the resource allocation model
is to assign each job type to resources (machines) such that
the imbalance in capacity utilization is minimized. A simple
example with five machines and a part type having three operations is illustrated in Fig. 1. We have a single part (Part
1) which requires three operations to be completed, and let us
assume all five machines are capable of doing these three operations. We also define a user parameter t which is the maximum number of machines which are allowed to do a specific
job type, i.e., only machines 1 and 5 are allowed to first operation on the first part in Fig. 1. It is desired to identify only
few machine alternatives for each job type or a user defined
parameter (1  t  5). This restriction is to prevent too complicated flows and limit the number of qualifications or tests
to be conducted by manufacturing experts to check the performance of a machine for a particular type of operation on
a specific part. One possible solution (for t = 2) are qualifying machines 1 and 5 for the first operations, 3 and 4 for
the second and 2 and 5 for the third operation. This results
in the following eight possible routings 1 4 2, 1 4 5,
1 3 2, 1 3 5, 5 3 2, 5 3 5, 5 4 5, and 5 4 2.
So, if we look at this small combinatorial problem, we started
with ( 52 )3 = 103 alternative routings, and we selected only
23 which results in capacity balancing. Moreover, typically
there are approximately 3–4 part types in a new product and
each have at least 3–5 operations, and there are nearly 150
machines. Thus, a simple enumeration for such a large instance of the problem is too computationally time-consuming
and we need to use mathematical optimization to find the best
possible allocations. Thus, in a way optimization helps manufacturing experts to identify which machines to qualify, such
that both qualification costs and capacity imbalance are minimized for the next 3–5 years.

Figure 1: Part routes
2.1

Constraints

All product routings must satisfy some constraints. According to an internal company report, the constraints are classified into hard and soft constraints. Hard constraints are
also referred to as level 1 constraints, while soft constraints
are divided into level 2 and level 3 constraints. Going from
level 1 to level 3, the importance of the constraints decreases
(see Fig. 2). In Fig. 2, the base represents the size of the
set of possible allocations of machines to orders of different job types; this set reduces as we add restrictions on, e.g.,
the number of qualifications (or qualification cost). The vertical position in Fig. 2 represents relative importance. In optimization parlance, the violation of soft constraints could be
either combined and added as a penalty in the objective function (see [10]), which is to be minimized, or treated/modeled
as different criteria in a multi-criteria optimization problem
(see [11]).

Figure 2: Constraints

Hard constraints Hard constraints are those which must be
satisfied during each time-period within the long-range planning horizon. These constraints include a required compatibility between job type and machine, based on the type of
process (milling, turning, etc.) and whether a job type of a
given dimension (e.g., diameter) can be processed on a given
machine (i.e., size compatibility). Lastly, the projected workload on a machine should be less than or equal to its total

capacity, and the demand for each job type should be met in
each time-period.
Soft constraints It is not mandatory to satisfy constraints
which are associated with the preferences of the capacity
planners. The constraints belonging to level 2 are mentioned
below.
1. Reallocations: Preparing a machine for a job type is a
resource-demanding activity; therefore, it is prudent to
avoid changing the routing of orders of a given job type
too often. For example, if we represent a job type as
(i, j), where i 2 PartTypes, and j 2 Operations, then a
binary decision variable sti jk can be used to represent
whether an order of job type (i, j) is processed in machine k 2 Machines at time-period t 2 TimePeriods. The
value of the variable sti jk is 1, if job type (i, j) is performed in machine k, otherwise, it is equal to zero. Now,
we use the introduced variables to clarify when a reallocation is considered. In Table 1, we highlight three
alternative allocations (three rows) for machine 2 for the
resource allocation sub-problem with one job type (1, 1),
and for five time-periods. Let us assume that all three allocations are feasible (that is, they satisfy the level 1 constraints). A reallocation of job type (i, j) to machine k at
time t is determined by the variable values sti jk1 = 0 and
sti jk = 1 (i.e., at the consecutive time periods t 1 and t).
The first solution in Table 1 comprises one reallocation
at t = 5, while the second comprises two reallocations
at t = 3 and t = 5, respectively. The third solution comprises no reallocations and it is therefore preferred. This
reasoning is valid provided there are no reallocations at
other machines.
Table 1: Reallocations between time-periods
s1112

s2112

s3112

s4112

s5112

Reallocations

0
0
1

0
0
1

0
1
1

0
0
0

1
1
0

1
2
0

2. One-time qualification: Generally, for any new product,
there is a first-time qualification of each machine to
which it is assigned. However, for orders of job types
related to existing products, there exist machines which
are already qualified or used historically. Nevertheless,
whenever reallocating orders of an existing product to
another machine, which is technically capable but not
qualified before, a one-time cost for qualifying the other
machine for that product arises. This means additional
man-hours for programming CNC or developing new
fixtures, and sometimes waiting for the customer approval. It is preferred to keep this fixed cost as low as
possible. However, it is to be checked whether allowing
qualifications results in an improved capacity balancing.
The level 3 constraints are the least important. One of the con-

straints included is the limitation of the total distance travelled
by orders. Each machine is assigned to a physical space in
the factory, so-called component area in the factory. It is desired to keep the number of times orders must flow in-between
these component areas below a pre-defined number, or to keep
it as low as possible. This helps to maintain an efficient flow
and to reduce internal transportation.
2.2

Optimization model

The approach taken to solve this resource allocation problem
is to utilize a mathematical optimization model. The output
of the proposed optimization model is the assignment of the
different job types to the machines. The model identifies a
small number of different product routings for the capacity
planners/short-term scheduling. We plan to obtain a resource
allocation for a period of three to five years, with quarterly
or monthly time-periods. The demand for products is steady,
and there is a steady flow of raw materials through the factory.
An optimization model requires an objective function which
assesses the quality of the solutions, while a set of constraints
to restrict the possible allocations, which in turn restricts the
achievable objective value. We have mentioned all the constraints in the previous section. Thus, next we discuss how to
incorporate the desired properties of the final resource allocation plan into the objective function.
1. Objective function: There are some articles which have
discussed approaches to calculate internal production
costs for products in similar production environments
(see [4, 12, 13]). Most of these articles have considered
product cost as a function of the total machining hours
spent on a product. This is the legacy of the traditional
accounting approach as mentioned in [4]. They use the
product routing as a constant in their cost function, but
with our approach we let the product routing be a variable, and instead of minimizing machining hours we
minimize resource utilization imbalance. This is to our
knowledge a novel approach and much more effective in
improving flow efficiency in functional oriented production. We define utilization as the ratio of planned hours
of machining to total available hours in a machine. Thus,
to obtain a balanced utilization, we propose minimizing the (planned) utilization which is above a threshold
value, that is, imposing a penalty for each time period
when a machine’s planned utilization is above a predefined threshold z , where 0  z  1.
2. Decision variables: To define the objective function, we
introduce some notation. We represent the number of orders of type (i, j) produced in time-period t in machine k
by xti jk . The capacity (in hours) of machine k is denoted
by using capacity Ck 0 (Note: In case of planned decommissioning of machines capacities can be indexed
over time). The number of hours required to process
an order of job type (i, j) in machine k is represented
by pi jk (also including average set-up time as we do not
assume batch production). In (1), the inner bracket represents the total resource loading of machine k during
time-period t. Thus, dividing it by the total capacity of

machine k yields the relative utilization at time-period t.
The plus-operator, denoted [·]+ sets any negative value
to zero. Our first proposed objective function to be minimized over the set X of feasible solutions satisfying the
level 1 constraints is defined as to
 ✓
◆
1
t
minimize z1 (x 2 X) := Â Â
p
x
Â Â i jk i jk z
t k Ck
+
i j

to be introduced in the factory to test the model. We will
utilize the historical resource allocation to find out which
machines are qualified to perform operations on the existing products. We also plan to take input from manufacturing
experts from GKN on identifying other similar machine alternatives which can perform some of these operations. This
will increase the size of the feasible set of possible allocations, which is important for improving the optimal value. We
will perform computational experiments to benchmark different model formulations with respect to computation time and
solution quality.

(1)

Our second alternative for an objective function is
defined as to

minimize z2 (x 2 X) := Â maxk
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The function z1 represents the average of non-negative
excess capacity utilization (summed over the machines
and the time-periods). The function z2 represents
the maximum (over the machines) excess utilization
(summed over the time-periods). Since the average can
be composed by both small and (very) large values, the
function z2 represents over-utilization more adequately
than z1 . A review of such inequity-averse optimization
approaches is described in detail in [14]. The benefits of
using the (2) are also highlighted in the work done on
resource allocation problems in [15].

3 Expected results and future research work
The proposed optimization model is a mixed-integer linear
programming model. The objective function and constraints
are linear or made linear using integer/binary variables. The
goal of the optimization model is to produce optimal or nearoptimal solutions in a reasonable time frame. Since we are
not aware of the lower limit (best possible feasible values)
of some of the soft constraints, we intend to use one of the
iterative frameworks as mentioned in [11].
3.1

Expected results

The proposed decision model should enable a faster and better
adaptation of the production system to changes in the market
and production conditions. Using our model, the organization's aim is to increase the available machining capacity by
at least 2%, which could mean a 4-digit number of additional
hours of more machining time available each year. These additional machining time could be made available when new
products are introduced, or when the demand for some of the
existing products increases. It is expected to reduce the number of over-utilized machines, which will result in reduced
queues and, subsequently, reduced lead times.
3.2

Future research work

We intend to use real production data extracted from the Enterprise resource planning (ERP) system at GKN. We will
identify an existing product and consider it as a new product
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Projection of Vision 4.0

Self-assessment:

Strategy definition:

Definition of 4.0 solutions:

Evaluation of results:

Gradual deployment:

Real application:

Levels of maturity:

Origin:

The Internal Dimension
The Structural Dimension

𝑴𝑳𝒄𝒍𝒖𝒔𝒕𝒆𝒓

Conceptual 4.0 Dimension

(𝑁𝑜 𝑜𝑓 𝑚𝑎𝑐𝑟𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠 𝑙𝑒𝑣𝑒𝑙 1 × 1 +
(𝑁𝑜 𝑜𝑓 𝑚𝑎𝑐𝑟𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠 𝑙𝑒𝑣𝑒𝑙 2 × 2 +
(… +
(𝑁𝑜 𝑜𝑓 𝑚𝑎𝑐𝑟𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠 𝑙𝑒𝑣𝑒𝑙 6 × 6
=
𝑇𝑜𝑡𝑎𝑙 𝑁𝑜 𝑜𝑓 𝑚𝑎𝑐𝑟𝑜𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑖𝑒𝑠
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Abstract
Driven by the rapid development towards the concept of more electric aircraft in recent years,
the power-by-wire technology, especially electromechanical actuators (EMA), is being progressively adopted with the promise of bringing performance improvements for future aircraft
in different areas such as weight, maintainability and fuel consumption. However, for safetycritical applications like primary flight controls, the use of EMA introduces specific issues
related to the actuator’s response to failure. To that end, focusing on EMA fault diagnosis,
this work proposes the development of a model-based quantitative Fault Detection and Isolation (FDI) methodology based on bond graph models. Firstly, an EMA behavioural model is
created in bond graph, considering the actuator’s most common failure modes: stator winding faults, backlash, jamming, and mechanical disconnection. Next, this behavioural model
is applied to create a Diagnostic Bond Graph (DBG) model, which is based on the use of
virtual residual detectors, or residual sinks, for numerical residuals generation, without the
need for deriving symbolic Analytical Redundancy Relations (ARRs). These residuals are
then evaluated with experimentally defined thresholds for fault detection, indicating if the
system behaviour has departed from the acceptable operating range. Finally, the causal and
structural properties of the bond graph are used to derive a Fault Signature Matrix (FSM)
through the analysis of the DBG model causal paths. The FSM is employed for fault isolation, reducing the number of fault candidates, in order to isolate the component responsible
for the faulty behaviour. Simulation results, using bond graph models implemented in the
20-sim environment, show the successful detection and isolation of all EMA modelled faults
using the proposed method.
Keywords: Bond Graph, Electromechanical Actuator, Fault Detection, Fault Isolation

1 Introduction
Although not new in the industry, the more electric aircraft
(MEA) concept is receiving a growing interest in recent years,
aiming at the development of safer, lower-cost, and greener
technologies for the next generation aircraft. One of the main
trends towards increasing the use of electrical power in aircraft systems resides in the adoption of power-by-wire (PBW)
actuators. The PBW technology seeks the replacement of
conventional hydraulic servo actuators (HSA) by electrically
powered systems, with a series of advantages due to the exclusion of the heavy and bulky hydraulic system. With the recent
engineering progresses in PBW actuation systems, these actuators are already found in service, with electric-hydrostatic
actuators (EHA) and electromechanical actuators (EMA) becoming sufficiently mature to be introduced in the latest commercial and military aircraft [1–3]. Among the various kinds
of actuators, EMAs are chosen for this study because of their
growing role in aerospace applications.
Despite the potential benefits from EMA adoption such as the

possible weight reduction, lower fuel consumption, and reduced maintenance costs, EMAs are not considered mature
enough to completely replace conventional HSAs in safetycritical functions such as primary flight controls, where safety
concerns due to the probability of jamming and backlash mechanical faults prevents the industry to embrace this technology. To that end, targeting the improvement on safety, reliability, availability and maintainability of complex engineering
systems such as EMAs, it is crucial to develop autonomous
supervisory systems that are able to quickly detect abnormal
behaviours and isolate the causes of any fault which could
seriously degrade the performance of the system.
EMA fault diagnosis poses an interesting research problem
as the system is composed of several interacting components
in different physical domains, resulting in intricate failure
modes. Modelling a system with such characteristics can
be accomplished by the use of the bond graph methodology,
which is particularly suitable for modelling multidisciplinary
engineering systems, and can also be used for the develop-
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ment of powerful Fault Detection and Isolation (FDI) algorithms. From this perspective, the use of model-based and
simulation-driven techniques can unquestionably provide engineers with efficient means to address these critical issues.
Therefore, modelling and off-line simulation becomes a focus, not only to support conceptual design but also to the implementation of FDI systems before it is built and introduced
in the industry.
The present work aims to develop a model-based quantitative
FDI procedure, based on bond graph models, with application to electromechanical actuators. The proposed method
will provide product development engineers with new tools
to address EMA fault diagnosis, anticipating FDI since the
conceptual design of the system. To accomplish that, an EMA
bond graph model, representative of the main dynamic effects
of the system, will be developed. That model shall also contemplate the most common failure modes of an electromechanical actuator, making it possible to simulate the system
behaviour in different faulty scenarios. From this model, a
FDI system based on the technique of Diagnostic Bond Graph
(DBG) will be designed. The DBG will then be coupled with
the behavioural model for off-line simulation, validating the
applicability of the proposed method, revealing what faults
can be detected and whether they can be isolated or not.

In this work’s context, a more precise interpretation is necessary and the fault definition commonly accepted in the academic literature will be used. This definition is given by
Venkatasubramanian [5], as follows:
The term fault is generally defined as a departure
from an acceptable range of an observed variable
or a calculated parameter associated with a process. This defines a fault as a process abnormality
or symptom, such as high temperature in a reactor
or low product quality and so on.
Once a fault is clearly defined, the diagnostic system can be
divided in four distinct phases [6] as follows: fault detection,
fault isolation, fault identification, and fault accommodation.
This work will focus on FDI algorithms, comprising the two
first steps of this process.
The fault detection stage is concerned in determining if the
system behaviour has departed from the acceptable range of
operation, raising a fault alarm in case of unacceptable behaviour. The second stage, fault isolation, has the objective
of reducing the number of fault candidates, using one or more
decision procedures to isolate the component responsible for
the fault behaviour.

This work is structured as follows: Section 2 provides a review on FDI techniques and details the proposed bond graph
model-based quantitative FDI, defining the steps for implementation of the DBG and construction of the Fault Signature Matrix (FSM). Section 3 presents the bond graph modelling of the EMA using an incremental approach, modelling
the electric motor, mechanical power transmission and load
coupling subsystems, which are connected to create the EMA
behavioural model; the main EMA failure modes are also
modelled and incorporated to the bond graph model; next,
the DBG and FSM are generated according to the proposed
method. Section 4 provides the implementation of the bond
graph models and the FDI framework in the 20-sim simulation environment, giving results from the actuator model simulation response and the residuals evaluation for EMA failure
modes. The results are discussed in Section 5, which also
proposes the topics for future research. Finally, Section 6
presents the conclusions of this work.

2 Fault Detection and Isolation
Before discussing any diagnostic system details, it is necessary to clearly define what is understood as a fault. In
the aeronautical industry a standard definition is given by
Aerospace Recommended Practice (ARP) 4761, Guidelines
and Methods for Conducting the Safety Assessment Process
on Civil Airborne Systems and Equipment, from SAE International [4]:
Fault: an undesired anomaly in an item or system
that may lead to a failure.
Failure: a loss of function or a malfunction of a
system or a part thereof.

Figure 1: Classification of FDI algorithms. Adapted from [5]
.
In order to perform these tasks, any FDI algorithm will need a
priori knowledge about the system, regarding the set of possible failures and the relationship between the observed variables and these failures, i.e. a set of causal relationships. The

FDI algorithms may be broadly classified in two classes, depending on how it develops the a priori knowledge about the
system. Model-based algorithms derive its knowledge from a
fundamental understanding of the physics of the process and
its causal relationships. On the other hand, history-based algorithms will rely on past experience with the process, requiring the availability of a large amount of historical data.
Regardless of the origin of that knowledge, it can be analysed
on a quantitative or qualitative approach. Different FDI methods have been developed in the literature, these methods are
presented in fig. 1, following the discussed classification.
This work explores a model-based quantitative FDI method,
using the parity space approach. These techniques are based
on a comparison of outputs from the real process with those
from a behavioural model that describes the non-faulty process, creating redundancy relations. Any discrepancies between the two are described by parity vectors, or residuals.
Every residual is expected to be zero when no fault is present
and distinguishably different from zero when a fault occurs.
In effect, a perfectly accurate mathematical model of the system is never available. Therefore, there will always be a mismatch between the measured system variables and its mathematical model, even under normal operation, i.e. residuals
will always be different from zero, even in the absence of
faults. Because of that, it is necessary to establish thresholds
for the acceptable levels of each residual. Once the residuals are generated, they are monitored for exceedances over
these thresholds, in which case a fault alarm is declared. The
subsequent analysis of the residuals leads to fault isolation.
The basic scheme for model-based quantitative FDI is given
in fig. 2 showing the two basic steps of residual generation
and residual evaluation, to be detailed in the following sections.

Figure 2: A general scheme for quantitative model-based
FDI.

2.1

Residual Generation: Diagnostic Bond Graph

A proper residual design method is the best way to achieve
the requirements of isolability and robustness on the quantitative model-based FDI. Appropriate residual generation, with
robust and structured residuals, will make the residual evaluation step relatively easy.
The bond graph formalism is a knowledge representation
form suitable for developing models of multi-energy domain engineering systems, being capable of holding a large
amount of structural, functional and behavioural information
about the system and describing essential causal relationships.
These are reasons that make bond graph models a powerful
tool for the construction of model-based FDI systems.
The most common method for generating residuals from bond
graph models is through the analytical evaluation of the model
physical constraint laws. These constraint laws are written
symbolically, eliminating the unknown variables in a way
that they will only depend on the system inputs, the parameter values and the measurements from sensors. Such equations are termed Analytical Redundancy Relations (ARR) and
the numerical evaluation of ARRs give the residuals. Obtaining ARRs from bond graph models can be a straightforward
and structured process, following the causality inversion approach, well documented in the literature [6]. However, a
closed symbolic expression cannot be derived for all kinds of
processes with all kinds of instrumentation because it may not
be possible to, in certain cases, eliminate all unknown variables from the model through symbolic algebra, e.g. when
the bond graph model contains algebraic loops that cannot be
eliminated.
Samantaray [6] proposes a modified method for direct numerical evaluation of the residuals, introducing the DBG model,
with no need for symbolically derivation of ARRs, being applicable to all situations whether the set of constraints can
be symbolically resolved or not. The proposed method leads
to the same set of residuals which can be obtained through
classical means, if the equations are symbolically resolvable.
For the construction of the DBG model, preferred differential causality is assigned to the storage elements of the bond
graph model, along with the inversion of sensor causalities.
This means sensors will impose the measured variable on the
system, i.e. sensors become sources.
For instance, given an effort detector, De, the flow in the bond
connected to this sensor is equal zero. When the causality is
inverted for this sensor it becomes an effort source, imposing
the measurement from the real process, and the expression for
the source loading, the flow variable, is equated to zero. This
expression is indeed, a residual, and its output is measured by
a virtual flow sensor, which has only computational existence.
All virtual sensors measuring residuals are presented with a
superscript ‘*’: Df* or De*. The bond graph for substitution
of the inverted causality effort sensor, containing the virtual
residual sensor, is presented in fig. 3.
Similarly, the substitution proposed for the inverted causality
flow sensor is dual to the one discussed for the effort sensor.
Using this method there will be a virtual residual sensor for

the bond graph causal paths to each residual.
Once the residuals are obtained from the DBG model and the
FSM is constructed, a decision procedure shall be applied to
the set of evaluated residuals in order to generate the alarms.
A threshold ei has to be defined for each residual ri . The necessity for this non-zero threshold bounding the residual is
due to process uncertainties, modelling errors and measurement noises.

3
Figure 3: (a) Effort sensor; (b) Effort sensor in inverted
causality; (c) Corresponding substitution and residual virtual
sensor. Note: me represents a generic measured effort variable.
each real sensor on the system model. Furthermore, for a sensor in inverted causality, there exists at least one causal path
to it which is different or does not exist when compared to the
causal paths to any other sensor in the inverted causality. This
proves that all the virtual residual sensors have distinct signatures [6]. A similar approach, which refers to these virtual
sensors as residual sinks, has been developed by Borutzky [7].
2.2

Residual Evaluation: Fault Signature Matrix

Once the residuals are generated, the next step is residual
evaluation, which aims to isolate the faulty components in
the system’s model. The proposed method uses a FSM for
that. Each residual is sensitive to some faults and insensitive to some others. For good isolability it is important that
different residuals become sensitive to different faults. If a
residual fault signature, i.e. the faults to which this residual
is sensitive, is different from the fault signatures of any other
residuals, the residual is termed structurally independent of
the others. The DBG approach guarantees that the number
of structurally independent residuals obtained is equal to the
number of sensors in the system [6].
The FSM, S, will describe the structural sensitivity of each
residual to possible faults in the system’s model, forming a
structure that links the residuals to discrepancies in each component of the system. The elements in the S matrix are determined from the analysis presented in eq. 1.
8
< 1, if the i-th residual is sensitive to
faults in the j-th component;
Si j =
:
0, otherwise.

Application to an Electromechanical Actuator

EMAs can have different configurations, adapted to the requirements of particular operations. As a more general application, the linear EMA architecture is mainly considered and
discussed in this study. The linear EMA can have a gearbox
or not, in order to reduce the electric motor speed before the
power is transmitted to the load. The gear-drive EMA is more
susceptible to certain single-point failures that would generate
an undesired mechanical jamming, bringing complications to
critical applications. On the other hand, direct-drive EMAs
are less prone to mechanical jamming, have less probability
of actuator damping loss, increased efficiency and reliability,
and reduced system inertia due to the elimination of the inbetween gearbox [1]. However, these advantages do not come
for free, requiring a high-performance servo motor with high
torque density and reliability, and in the absence of the gearbox buffering effect, any load disturbance can be directly reflected to the motor and the control system. For these reasons
the direct-drive EMA will be studied in the present work.
The schematic for a direct-drive linear EMA is presented in
fig. 4. Electric power is provided by the aircraft electrical
buses and delivered to the actuator by the Power Drive Electronics (PDE) according to the command signal from the Actuator Control Electronics (ACE). The electric power is transformed into rotational mechanical power by the Electric Motor (EM), and then, converted into translational mechanical
power by a Mechanical Power Transmission (MPT) mechanism, transferring power to the control surface.

(1)

Additionally, two indexes are assigned to each component on
the FSM. The monitorability index M j will be 1 if at least
one residual is sensitive to it, in other words, the component’s
fault is monitorable. The isolability index I j is set to 1 when
the component’s fault signature is different from fault signatures of all other components, that is, the fault can be isolated.
Since the DBG approach does not necessarily have closed
form ARRs, the fault signatures are obtained by analysis of

Figure 4: Schematic of a direct-drive linear EMA actuation
system.
This work will concentrate on fault diagnosis of the EMA
actuator module, centred on the MPT but also considering a
simplified EM and load coupling models. The actuator model
is proposed in the next section.

3.1

EMA Behavioural Model

Since the EMA can be divided into different interconnected
subsystems, the bond graph model can be constructed by
an incremental approach, modelling each of the subsystems
and then coupling these sub-models into the complete EMA
model. The non-causal word bond graph model for the EMA,
neglecting the control signals, is presented in fig. 5.

Figure 5: Word bond graph for a direct-drive EMA actuation
system.
The EM performs electromechanical power conversion, being the key enabler for all kinds of PBW systems in the MEA
concept. This fundamental device in currently implemented
on EMAs using a high-performance permanent magnet synchronous motor (PMSM), which reduces the complexity of
actuator control design [8]. A simplified model of the EM is
based on a perfect DC motor, enabling perfect power transformation between the electrical and mechanical energy domains. On the bond graph formalism it is represented by a
power gyrator (GY), which relates the flow variable of electric current (Im ) on one port to the effort variable of electromagnetic torque (Cem ) on the other port through the motor
torque constant (Km ). The major effects in the electric domain of the EM are the cooper loss, which can be defined as a
voltage drop due to the winding resistance (Rw ) and modelled
by a R element in bond graph, and the electrical storage effect
due to the winding inductance (Lw ) and modelled by an I element. On the mechanical side of the EM the more important
effects are the rotor inertia (Jm ) modelled by an I element and
the mechanical friction (R f m ) modelled by a R element
MPT is responsible to transform rotational into translational
mechanical power, which is achieved using a roller-screw device where the torque (Cm ) and rotational velocity (wm ) from
the EM are converted into force (Fr ) and translational velocity (vr ) of the actuator rod. A perfect roller-screw mechanism
can be modelled by a bond graph power transformer element
(TF) that relates the rotational power variables (Cm , wm ) to
the translational ones (Fns ,vns ) according to the transformation ratio (2p) of the screw pitch. Three additional significant
effects are considered in the basic MPT model: roller-screw
inertia, mechanical friction loss and compliance effects. For
simplification the inertia is assumed to be concentrated on the
translational side of the MPT, represented by the rod mass
(mr ) and modelled by a bond graph I element. The power loss
is modelled as a viscous friction force (Ff r ), proportional to
the operational velocity and the viscous coefficient (R f r ), being represented by a bond graph R element. The compliance
effect is due to the deformation of MPT mechanical components under stress and can be modelled by associated spring
and damping effects. The linear spring effect is expressed
by an elastic force (Fe ) proportional to the relative displacement and the compliance stiffness (kcr ), while the damping
force (Fd ), also a linear function, is proportional to the relative

velocity and the damping coefficient (Rcr ). The spring and
damping effects are respectively associated to a bond graph
capacitance (C) and resistance (R).
The actuator load, composed of the flight control surface, is
simply modelled as an equivalent translating mass (mL ) represented by a bond graph I element. An effort source (Se) is also
included to represent external disturbance aerodynamic forces
(Faer ) applied over the control surface. In addition, a compliance effect similar to the one included on the MPT model is
considered here, representing the spring and damping effects
associated to the mechanical link between the control surface
and the actuator rod.
The complete EMA behavioural bond graph model, which is
presented in fig. 6, is created by combining the EM, MPT,
and load coupling sub-models. The model also includes four
sensors, which are normally used in EMA systems: EM current (im ), EM rotational velocity (wm ), MPT rod translational
velocity (vr ) and load translational velocity (vL ).

Figure 6: EMA behavioural bond graph model (integral
causality).
The next step is to identify the most common failure modes
that may affect the system and include these faults into the
EMA behavioural model. Mechanical faults are credited to
be the main source of concern for EMA systems. The rigorous conditions of aerospace applications lead to backlash,
vibration and mechanical jamming on the roller-screw mechanism of the MPT, often caused by excessive loads, environmental factors, lubrication issues, and manufacturing defects.
The second source of concern is the EM, where the high operational demands often leads to increased temperature within
the motor housing, which may contribute to winding circuit
faults. This work will consider the most probable failure
modes [9] presented and described in the sequence:
Stator winding failure: higher temperatures will mostly affect the EM, leading to insulation deterioration on the
stator winding and possibly resulting in short or open
circuits which will directly affect the EM performance.
The bond graph model already has a component representing the stator winding resistance (Rw ), what makes
it easier to insert a short or open circuit fault by simply
changing the resistance value.
Backlash: the excessive wear of the mechanical parts on the
MPT, specially in the contact areas between the mov-

ing parts will contribute to increased backlash, generating the so-called lost-motion and significantly affecting
the dynamic performance of the actuator. When it exists,
backlash can be considered as a compliance effect on the
MPT model, an elastic force proportional to relative motion. Given that, a more realistic compliance model is
necessary in order to represent not only the pure spring
and damping effects but also the possible backlash and
preload. Fu [8] proposes such a model, presented in
fig. 7, which is incorporated in the bond graph EMA
behavioural model.
Jamming: results in the complete blockage of the actuator
movement and can be modelled on the MPT by increasing the mechanical friction parameters in order to force
stiction. On the developed MPT bond graph model this
can be simply implemented by increasing the viscous
friction coefficient (R f r ).
Mechanical disconnection: this fault is not related to EMA
internal components but to the mechanical linkage between the actuator and the flight control surface, modelled here as a compliance effect on the load coupling.
The mechanical disconnection, also called free-run, occurs in the case of a complete structural failure on the
mechanical linkage, decoupling the actuator load.

(De*). This approach enables the numerical residual evaluation without the need of symbolically deriving ARRs. It also
guarantees that all virtual residual sensors will have different
sets of causal paths, meaning that residuals obtained are always structurally independent, as described in Section 2.1.
The framework for FDI simulation involves coupling the behavioural and the diagnostic models. The resulting coupled
model is presented in fig. 8. To simulate real instrumentation
all sensor outputs from the behavioural model are contaminated with noise (W1 to W4 ) before going to the diagnostic
model. The noise model is based on white Gaussian noise
with magnitude chosen at 1% of each signal measurement. Finally, the diagnostic model evaluates the signals coming from
the behavioural model and gives the residuals (res1 to res4 ).
Once we have the residuals available from the DBG model,
the next step for FDI is to obtain the fault signature matrix (FSM). This is accomplished through the analysis of the
causal paths leading to each residual detector, resulting in the
FSM presented in tab. 1, where the additional columns D
and I indicates the detectability and isolability indexes, respectively. It is seen that faults in all of the components are
detectable, i.e. at least one of the residuals is sensitive to that
component, however, only fault in the rotational velocity sensor wm can be isolated, the other components do not have distinct fault signatures. Although most of the faults cannot be
isolated to a single component, their signatures will indicate
well defined segments of the system with a few possible faulty
components.
Table 1: Fault Signature Matrix for the EMA system.
Subsystem
EM electrical
EM mechanical
MPT roller-screw

Load coupling
Load
Sensors

Figure 7: Compliance model with backlash and preload effects [8].
3.2

EMA Diagnostic Bond Graph Model

The DBG model is directly derived from the behavioural
model performing the causality inversion of detectors, i.e.
putting the model in preferred derivative causality and replacing the sensors by corresponding sources with their virtual
residual sensors, or residual sinks. The diagnostic model will
receive the signals coming from the behavioural model flow
sensors and give the residuals in the virtual effort detectors
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Component

res1

res2

res3

res4

D

I

Us
Lw
Rw
Km
Jm
Rfm
p
Rcr
kcr
Mr
Rfr
RcL
kcL
ML
Faer
im
wm
vr
vL

1
1
1
1
0
0
0
0
0
0
0
0
0
0
0
1
1
0
0

0
0
0
1
1
1
1
1
1
0
0
0
0
0
0
1
1
1
0

0
0
0
0
0
0
1
1
1
1
1
1
1
0
0
0
1
1
1

0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
0
0
0
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0

Simulation and Results

The behavioural and diagnostic bond graph models developed
in Section 3 are implemented and simulated using the 20-sim
software, by Controllab Products [10]. In order to evaluate the aspects of the main dynamic effects of the proposed
model, the EMA is simulated with real system parameters,
gathered from industry product specifications and from the
literature. These parameters are listed in tab. 2.

Figure 8: Coupling of EMA behavioural and DBG models.
Table 2: EMA model parameters.
Parameter
Jm
KcL
Kcr
Lw
ML
Mr
p
RcL
Rcr
Rfm
Rfr
Km
Rw
Us

Value

Unity

Description

0.001 279
3 ⇥ 108
3 ⇥ 108
3
600
1
2.54
1 ⇥ 104
1 ⇥ 104
1 ⇥ 10 3
1 ⇥ 104
0.46
1.5
115

kg m2 rad 1

EM rotor inertia
Load compliance stiffness
Roller-Screw compliance stiffness
EM stator winding inductance
Load reflected mass
Roller-screw rod mass
Lead of roller-screw
Load compliance damping
Roller-screw compliance damping
EM friction coefficient
Roller-screw friction coefficient
EM torque constant
EM stator winding resistance
Bus voltage

Nm 1
Nm 1
mH
kg
kg
mm
Nsm 1
Nsm 1
Nsm 1
Nsm 1
NmA 1
W
V

Source: [8, 11, 12].

First, the behavioural model for the EMA is implemented
and simulated, validating the system open-loop response and
its behaviour in all modelled failure modes: backlash, jamming, mechanical disconnection, stator open-circuit and stator short-circuit. The diagnostic model is then implemented
and coupled with the behavioural model, following the FDI
framework presented in fig. 8. The coupled model is simulated in all failure modes, generating the residuals, which are
evaluated for fault detection and isolation.
For normal operation, the system is simulated in open-loop,
with a 115 V step input on the voltage source (Us ) and a step
aerodynamic force disturbance (Faer ) of 3 kN. Figure 9 gives

the EMA simulated open-loop response for normal operation,
which is as expected. The load displacement velocity (vL )
stabilizes at 0.1 m s 1 after a fast transient oscillation. It is
also observed that the stiffness and damping compliance effects of the MPT and load coupling contribute significantly to
increasing the load velocity oscillations. The electric motor
stator winding current (im ) presents a transient peak of about
60 A, which shall be controlled in a closed-loop implementation. Neither of the residuals will exceed the experimental
thresholds, showed in fig. 10, indicating the system is operating without failures.
The EMA response to failure is evaluated by injecting the
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Figure 9: Simulation results for the EMA behavioural model
in normal operation.

Figure 11: Simulation results for the EMA behavioural model
with 0.3 mm backlash.
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Figure 10: Residuals for the simulation of EMA coupled models in normal operation. Residual thresholds are displayed in
red dashed lines.

Figure 12: Residuals for the simulation of EMA coupled models with 0.3 mm backlash. Residual thresholds are displayed
in red dashed lines.

faults modelled in Section 3.1. The model is simulated with
the same parameters as before and the faults are injected, one
at a time, as a step input always at 1 s of simulation.

As an example, the simulation results for the backlash fault
are presented in fig. 11. The compliance effects on the mechanical power transmission are implemented in 20-sim ac-

Table 3: FDI results summary.
Fault

Fault Injection

Coherence Vector

Fault Candidates

Normal operation
Open-circuit
Short-circuit
Backlash
Jamming
Mechanical disconnection

Rw
Rw
Rcr , Kcr
Rfr
RcL , KcL

[0, 0, 0, 0]
[1, 0, 0, 0]
[1, 0, 0, 0]
[0, 1, 1, 0]
[0, 0, 1, 0]
[0, 0, 1, 1]

Us , Lw , Rw
Us , Lw , Rw
p, Rcr , Kcr , vr
Mr , R f r
RcL , KcL , vL

cording to the backlash model given in fig. 7, the results show
the actuator response for a 0.3 mm backlash applied at 1 s.
Backlash will occur due to excessive wear in the contact surfaces of the roller-screw mechanical system, creating a lostmotion effect and introducing oscillations that will propagate
throughout the entire system, affecting the EMA dynamic performance.
The residuals evaluation, presented in fig. 12 show that the
defined threshold is crossed for residuals r2 and r3 . Giving the
coherence vector C = [0, 1, 1, 0], which according to the FSM,
means there is a faulty component in the MPT mechanism
(parameters p, Rcr or Kcr ) or in the actuator velocity sensor
(vr ), which represents a correct diagnostic.

cal residuals which were processed and evaluated for the definition of experimental thresholds. The diagnostic result was
correct to all simulated failure modes, confirming the feasibility of the DBG method proposed in the literature [6] and
its application to EMA development.
Opportunities derived from this work, aiming the further development of the proposed method are listed below, as suggestions for future research topics:
1. Refinement of the EMA model, including the power
drive electronics and actuator control electronics models, with its respective failure modes;
2. Implementation of the complete EMA controller and
analysis of the system closed-loop response, specially on
the impacts of the control loop over the response to different failure modes;

All failure modes were simulated and the DBG residuals evaluation pointed to the correct diagnostics, according to the
fault signature matrix. Table 3 presents a summary of the
simulation results.

3. Analysis of multiple-fault scenarios, applying multiplefault isolation techniques based on parameter estimation
by Gauss-Newton least squares output error minimization [13, 14];

5 Discussion
The recent progresses in PBW technology is driving the EMA
as the next generation of actuation systems, already replacing
conventional hydraulic actuators in commercial and military
aerospace applications. However, their use in safety critical
systems, such as primary flight controls, still faces some obstacles until it proves to be reliable and to behave safely, especially in fault scenarios. One of the research topics that can
help on the evolution and acceptance of EMA in future aircraft architecture is the development of condition monitoring
and diagnostic systems, such as the proposed FDI methodology.
The developed bond graph models allowed the simulation
of an EMA system in different faulty conditions, providing
an easy to implement diagnostic system which can be really
helpful in the early diagnosis of EMA faults, improving its
acceptance in aerospace applications. These models can be
used for evaluation during the early process of EMA design,
without the need of any real prototypes and expensive test
sets.
The models were implemented in the 20-sim simulation environment, as presented in Section 4. First, the open-loop
behavioural model was simulated to verify its response. The
use of a behavioural model as a tool for fault simulation brings
the advantage of introducing any kinds of faults without the
risks associated with the real process. The DBG model was
then coupled with the behavioural model, generating numeri-

4. Development of Bicausal Bond Graph (BBG) models
for analysis and improvement of sensor placement and
residuals generation [15];
5. Use of uncertain bond graph models for robust FDI
residuals generation, and sensitivity analysis of the residuals in the presence of parameter uncertainties [16];
6. Study of reconfigurable Fault Tolerant Control (FTC)
techniques for fault accommodation / passivation [17];
7. DBG online implementation experiment, the outputs of
the behavioural model are to be replaced by measured
outputs from the real EMA system.

6

Conclusions

This paper presented a bond graph model-based approach to
FDI, showing its application to an electromechanical actuator,
relevant to MEA actuation systems. The bond graph modelling formalism is used as the base of the DBG FDI method
being proposed. The DBG makes use of virtual residual detectors, also called residual sinks, enhancing the availability
of information for the diagnostic system by generating all the
structurally independent residuals in numerical form, as the
numerical evaluation of ARRs. This is important in situations

where symbolic ARRs cannot be obtained due to the presence
of algebraic loops in the system bond graph model. The DBG
is also used for the construction of a FSM by analysis of the
causal paths leading to the residuals.
The DBG approach was proven as a powerful tool, suitable
for the implementation of FDI on complex multidisciplinary
systems, such as the EMA. It is concluded that there are significant advantages in using the bond graph formalism, when
compared to other modelling methods, as a tool for developing model-based quantitative FDI, confirming its capacity on
the diagnostic of EMA faults. Still, the FDI approach proposed here is not restricted to this use, being applicable on
the diagnostic of any complex interdisciplinary system such
as those commonly found on the aerospace industry.
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Abstract
Developed by Elektra Solar, an official spin-off of the DLR Institute for Robotics and Mechatronics (DLR-RMC), the Elektra 2 is a solar-powered autonomous aircraft designed to endure
long distances as well as high altitudes. The main motivation of this work is to develop
a sensor fault detection and reconfiguration (FDR) approach to be applied to the Elektra 2
Aircraft. Currently, the Elektra 2 Solar aircraft provides a simple limit-checking of certain
IMU measurements such as aircraft angular velocities and pitch, roll and yaw angles. In the
proposed FDR approach, residual generation for both longitudinal and lateral dynamics of
the aircraft is achieved based on the design of Kalman filters. Combined with the sequential
probability ratio test (SPRT) as a decision function, selected aircraft sensor residuals are evaluated using an adaptive threshold with low sensitivity to control signal variation and noise
and high sensitivity to fault symptoms. Due to the critical aspects of IMU faults, the reconfiguration action is defined as switching from primary IMU to backup IMU in case of fault
occurrence.
Keywords: Sensor Fault Detection, Fault Reconfiguration, Autonomous Aircraft Systems

1 Introduction
Sensors are the most critical components for aircraft safety
and it is well known that hardware redundancy plays a fundamental role in fault tolerant systems [1], [2]. In order to
reduce cost limitations and system complexity, analytical redundancy approach arises as a suitable option for navigation
sensor fault detection of such systems [3], [4]. Analytical redundancy uses a mathematical model of the monitored system
and it is here achieved by properly designed estimators that
provide robust residual generation for fault detection framework [5]. These residuals are then evaluated using an adaptive threshold with low sensitivity to control signal variation and noise and high sensitivity to fault symptoms. The
main motivation of this work is to develop a fault detection
and reconfiguration approach to be applied to the Elektra 2
Aircraft (fig. 1). Currently, the aircraft provides a simple
limit-checking of certain measurements such as aircraft angular velocities and pitch, roll and yaw angles. Developed by
Elektra Solar, an official spin-off of the Institute for Robotics and Mechatronics at the German Aerospace Center, the
Elektra 2 is a solar-powered autonomous aircraft designed to
endure long distances as well as high altitudes.

Figure 1: Autonomous solar-powered aircraft: Elektra 2.

eration for both longitudinal and lateral dynamics of the aircraft is achieved based on the design of Kalman filters [6].
The sequential probability ratio test (SPRT) is then used as
a decision function to be evaluated with adaptive thresholds
(ATLMS) for each of the aircraft measurements. Due to the
critical aspects of IMU faults, the reconfiguration action is
defined as switching from primary IMU to backup IMU in
case of fault occurrence. Therefore, a hot standby reconfiguration scheme is used for sensor fault tolerant purposes.
2.1

2 Proposed Fault Detection Approach
The proposed fault detection and reconfiguration approach for
the Elektra 2 aircraft is illustrated in figure 2. Residual gen-

Aircraft Model and Flight Conditions

The six-degree-of-freedom, linearized model of the aircraft is
decoupled into longitudinal and lateral-directional dynamics
as follows

c The Authors, 2019.

ulon

where v is the linear velocities along the y axis, in body frame;
p and r correspond to the roll and yaw rates, respectively; f
and y the roll angle and yaw angle, respectively;

ulat

Aircraft
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and the respective input vector is defined as

Aircraft Lateral

ulat , (da , dr )T .

Dynamics

Dynamics

ylon

ylat

Kalman Filter

where da and dr are the aileron and rudder commands, respectively. All states and measurements are provided in the
International System of Units (SI). The measured output vectors used here are rewritten in terms of Va , a, and b as follows
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p
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Proposed IMU Faults

In this work, three different types of additive IMU faults are
presented in table 1:

(2)

• Incipient Fault: modelled by ramp signals. It represents
drift of the monitored signal;
• Extra Noise Fault: modelled by an abrupt change of the
signal standard deviation.
Table 1: Proposed IMU Faults

(3)
Fault
Incipient
Extra Noise
Abrupt

where u and w are the linear velocities along the x and z axes
respectively,in body frame; q corresponds to the pitch rate; q
indicates the pitch angle; h indicates the altitude above ground
the aircraft. The respective input vector is defined as
(4)

where de and dt are the elevator and throttle commands, respectively.
The lateral dynamics describes the aircraft motion around the
z-axis and consists of roll, yaw and lateral motion. The state
vector for lateral motion is given by
xlat , (v, p, r, f , y)T

(8)

u2 + v2 + w2
✓ ◆
w
a = arctan
u
✓ ◆
v
b = arcsin
Va

The state vector for longitudinal motion is given by

ulon , (de , dt )T .

ylatm , (b , p, r, f , y)T .

• Abrupt Fault: modelled as a step-wise function. It represents bias in the monitored signal;

The longitudinal dynamics describes the aircraft motion in the
(x, z) body plane and it has 3 degrees of freedom: pitch, longitudinal motion and vertical motion.

xlon , (u, w, q, q , h)T

(7)

Va =

2.2


ylonm , (Va , a, q, q , h)T

where Va is the true airspeed, a is the angle of attack and b
the sideslip angle, which are measurable by air data sensors
on the aircraft as in equation (9)

Figure 2: ulon and ulat are the control signals for the decoupled longitudinal and lateral aircraft dynamics, respectively. ylon and ylat are the aircraft measurements from longitudinal and lateral aircraft dynamics, respectively. Rlon and
Rlat are the aircraft residuals from longitudinal and lateral
aircraft dynamics, respectively. AFlon and AFlat refer to the
longitudinal and lateral alarm flags, respectively.



ẋlon
A
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2.3

Measurement
q
q
f

Amplitude
0.2 rad/s
N (µ̄ = 0, s = 0.01)
0.2 rad

Adaptive Threshold based on the LMS Filter
(ATLMS)

The adaptive threshold (ATLMS) presented here is based on
the technique exposed in [7]. The ATLMS technique allows
the threshold to be tuned by changing well known parameters independently of the application and is based on SPRT
algorithm, the LMS (Least-Mean-Square) algorithm, and residual sensitivity. The residual is said to be fault-sensitive if

it is highly influenced by fault occurrence and consequently
deviates significantly from non-faulty mode. In contrast, a
residual is said to be fault-insensitive if it is not influenced
by fault occurrence or such influence is negligible in comparison with the sensitive residual. Differently from the application proposed by [7] and taking advantage of the decoupling
nature of the system, the design of sensitive and insensitive
residuals was obtained by the decoupling of the lateral and
longitudinal aircraft linear models. Once this is not always
possible for other systems, sensitive and insensitive residuals
can also be accomplished by structured residual technique as
presented in [8] or by a bank of observers/estimators as in [9],
for example.
The basic idea behind the proposed adaptive threshold is to
use the adaptability of the LMS algorithm to reinitialize the
SPRT algorithm automatically (fig. 3) and the requirements to
the dynamic behavior of such threshold are (i) low sensitivity
to control signal variation; (ii) low sensitivity to noise and (iii)
high sensitivity to faulty residuals.
Insensitive
Residual
r0

Sensitive
Residual
r1

Control Signal
u

recursions of the insensitive residual r0 . The SPRT can be
calculated as
Lk = Lk

p0 (r0k |r0k
p1 (r1k |r1k

1 , . . . , r0k d )
1 , . . . , r1k d )

2
2
r0k
r1k
. For each data sample, three decisions can
2s02
be made:

fied by

• In favor of a faulty mode (Hypothesis H1 );
• In favor of a normal mode (Hypothesis H0 );
• There is insufficient information to decide in favor of
faulty or normal mode.
For this reason, under different hypotheses, the expected
value of the SPRT response presents trends in opposite directions as follows
)
2
2
r0k
r1k
E
|H0 < 0 ! L̇k < 0
2s02
(
)
2
2
r0k
r1k
E
|H1 > 0 ! L̇k > 0
2s02
(

r
Adaptation
Law

(11)

where p0 and p1 are the probability density function of the insensitive and sensitive residuals r0 and r1 , respectively. Considering that r0 and r1 present normal distribution
with zero
!
p0
mean and same variance s02 , the ratio ln
can be simplip1

SPRT

(12)

dE{Lk }
.
dt
The SPRT decision update is based on the difference between
the adaptive threshold f and the insensitive residual r0 as follows
g = f r0
(13)
where L̇k =

W
Input Signal
f

The update term g should also be affected by a varying term
e as

f
Figure 3: ATLMS Scheme: u is the control signal vector, r0
is the insensitive residual, r1 is the sensitive residual, r is the
instantaneous SPRT response, W is the weight vector of the
LMS algorithm, and f is the input signal vector composed
of u and recursions of the insensitive residual. A fault alarm
flag is raised if the adaptive threshold f crosses the insensitive
residual r0 .
The adaptive threshold f is computed at each sample period
as:
fk = fkT Wk

1 + ln

(10)

where W is the weight vector of the LMS algorithm, and f is
the input signal vector composed of the control signal u and

e = e0

aL̇k

(14)

where L̇k is the expected trend of the SPRT, e0 is the safe
distance between the adaptive threshold f and insensitive residual r0 , and a is the sensitivity due to changes in the trend of
the SPRT at instant k. More details about these tuning parameters are shown in section 2.4. Without loss of generality
and for the sake of implementation procedures, the derivative
of the expected value of Lk , L̇k , is simplified by the approximLk Lk 1
ation L̃˙ k =
, where the additional parameter Ts is the
Ts
sampling period. Thus, the objective function to the synthesis
of the adaptive threshold is defined as
min(gk

ek )2

(15)

and the LMS algorithm is used to find the optimal weight vector W⇤k that minimizes such objective function.
The quadratic performance index can be rewritten as
!
!2
a
2
2
2
T
(gk ek ) = fk Wk r0k e0 +
(r0k r1k )
2Ts s02
|
{z
}

and therefore Wk gets closer to the optimal weight vector W⇤ .
The final form of the adaptive threshold is defined as
fk = fkT Wk
Wk = Wk 1

sk

= WTk fk fkT Wk

2fkT Wk sk + s2k

(16)

The weight vector Wk that minimizes the quadratic performance index can be found by the gradient method as in the LMS
algorithm as follows
"
#
∂ (gk ek )2
Wk = Wk 1 + µ
(17)
∂W
W=Wk 1

.

An approximate estimate of the gradient at each sampling instant is given by
∂ (gk ek )2
= 2(gk
∂W

ek )

∂ (gk ek )
= 2(gk
∂W

ek )fk

(18)

and its proof is provided below.
Proof. The expected value of equation (16) is
n
o
n
o
n
o
E (gk ek )2 = E WTk fk fkT Wk
E 2fkT Wk sk + E{s2k }
(19)
and its partial derivative regarding the weight vector W is
∂ E (gk ek )2
= 2E{fk Wk fkT }
∂W
⇥
= 2 E{fk Wk fkT }

.

2 E{fkT sk }
| {z }
⇤
Q

Q

(20)

The result presented in eq. (20) must be the same as the expected value of eq. (18), as follows
E{2(gk

⇥
⇤
ek )fk } = 2 E{gk fk } E{ek fk }
⇥
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2µ(gk

ek )fk

(23)

ATLMS Tuning Parameters

A fault flag is raised if the ATLMS crosses the insensitive
residual r0 (t). Therefore, the dynamics of the insensitive residual r0 (t) must be taken into account in order to minimize false/missed alarms. For this reason, the parameter Safety
Offset (e0 ) is set to prevent undesired false alarms during the
transient response of r0 (t) or to decrease the distance between
the adaptive threshold and r0 (t) in case of r1 (t) signal is not
very sensitive to the applied fault.
The Sensitivity Rate (a) describes the sensitivity of the adaptive threshold due to changes in the trend of the residuals as
determined by the SPRT. In case of fault occurrence and for
a < 0, the adaptive threshold increases in the direction of the
insensitive residual r0 (t). Otherwise, the adaptive threshold
increases in the opposite direction of the insensitive residual. This is a useful feature of ATLMS to avoid erroneous
interpretations of adaptive threshold responses due to possible
mistakes in the design of residual generators (when sensitive
and insensitive residuals are incorrectly interchanged, for example), or by unexpected behavior of the residuals.
The ATLMS Convergence Rate (µ) is originally from the LMS
algorithm and it is responsible for the adaptation stability and
convergence speed of the ATLMS.

3

Simulation Results and Discussion

3.1

Simulation Methodology

The simulation methodology consists of three different flight
scenarios with each of the proposed IMU faults presented in
table 1 with following assumptions:
• Occurrence of single faults;
• Backup IMU does not fail;
• Reconfiguration procedure is defined as switching from
primary IMU to standby/backup IMU once a fault is detected.
For the sake of simplification, all faults are introduced at 50
s. For incipient faults, the amplitude values described in table
1 refer to the slope of the faulty signals. For the extra noise
faults, additive white noise is introduced with the indicated
distribution. These faults cover both longitudinal and lateral
aircraft dynamics and were chosen based on a priori knowledge and discussions with Elektra 2 Solar team. Due to the
critical aspect of IMU faults, the fault detection flag is activated - and kept active - if any of the dedicated adaptive
thresholds indicates a fault. Figure 4 illustrates the scheme
of the bank of ATLMS for longidutinal dynamics. A similar

scheme is used for the lateral dynamics. For the longitudinal measurements, the bank of ATLMS uses the yaw angle
y as the insensitive residual. For the lateral measurements,
the bank of ATLMS uses the pitch angle q as the insensitive
residual.
RVa
Ry

AT LMS1

Ra
Ry

AT LMS2

Rq
Ry

AT LMS3

Rq
Ry

AT LMS4

Rh
Ry

AT LMS5

AFVa
AFa
AFq

Logical
Operator

AFlon

OR

AFq

Figure 5: Dedicated adaptive thresholds and fault flag for
longitudinal measurements with an incipient fault in pitch
angle q .

AFh

Figure 4: Bank of ATLMS for Longitudinal Dynamics. Ri is
the residual of measurement i. Va is the aircraft airspeed, a
is the angle of attack, q is the pitch rate, q is the pitch angle,
and h is the aircraft altitude. The bank of ATLMS uses the
yaw angle y residual as the insensitive residual. The label
AFi refers to the alarm flag of measurement i and AFlon is
the combined alarm flag for longitudinal dynamics used for
sensor switching reconfiguration in case of fault occurrence.
3.2

Incipient fault in pitch angle q

The first simulation scenario illustrates an incipient fault in
pitch angle q at 50s. As expected, a fault in pitch angle affects
the longitudinal alarm flag Lon Flag but not the lateral alarm
flag Lat Flag (fig.5 and fig. 6). The lateral adaptive thresholds
present responses in the opposite direction of the insensitive
residual. The overall aircraft performance would not remain
in an acceptable flight condition if the reconfiguration action
does not take place. As illustrated in figure 8, the aircraft
airspeed/altitude suddenly increases/decreases in case of the
proposed incipient fault occurs. This behavior could lead to
overall system failure. However, due to the fault detection
promptness and reconfiguration, the aircraft was slightly affected. Figure 7 presents the faulty and reconfigured aircraft
roll, pitch and yaw angles.

Figure 6: Dedicated adaptive thresholds and fault flag for
lateral measurements with an incipient fault in pitch angle q .
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3.3

Extra noise fault in pitch rate q

The second simulation scenario illustrates extra noise fault in
angular rate q at 50s. As expected, the proposed fault affects
the longitudinal alarm flag Lon Flag but not the lateral alarm
flag Lat Flag (fig.9 and fig. 10). Although the overall aircraft performance remains in an acceptable flight condition,
the elevator control signal de shows an undesired intermittent
behavior (fig. 12). In the worst case scenario, this behavior
could damage the elevator control surface and lead to overall
system failure. However, due to the fault detection promptness and reconfiguration, the unpermitted behavior of the elevator surface is minimized. Figure 11 presents the faulty and

2.41
2.408

Figure 7: Faulty and reconfigured aircraft roll, pitch and yaw
angles (rad) for an incipient fault in pitch angle q .

reconfigured aircraft angular rates (rad/s) for the second simulation scenario.
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Figure 8: Faulty and reconfigured aircraft airspeed (m/s),
aerodynamic angles (rad), and altitude above ground (m) for
an incipient fault in pitch angle q .

Figure 11: Faulty and reconfigured aircraft angular rates
(rad/s) for extra noise fault in angular rate q.
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Figure 9: Dedicated adaptive thresholds and fault flag for
longitudinal measurements with extra noise fault in angular
rate q.

Figure 12: Faulty and reconfigured signals of aircraft control
surfaces (degrees) for extra noise fault in angular rate q.

3.4

Figure 10: Dedicated adaptive thresholds and fault flag for
lateral measurements with extra noise fault in angular rate q.

Abrupt fault in roll angle f

The third simulation scenario illustrates an abrupt fault in roll
angle f at 50s. As expected, a fault in roll angle affects the
lateral alarm flag Lat Flag but not the longitudinal alarm flag
Lon Flag (fig.14), since longitudinal and lateral linear models are decoupled as presented in equations (1) and (2). In
the case of the proposed abrupt fault occurrence, the overall aircraft airspeed and altitude would remain in an acceptable flight condition even if the reconfiguration action does
not take place (fig. 16). However, this is not the case for the
aircraft attitude once roll and yaw angles would deviate from
normal condition as illustrated in figure 15. Figures 15 and
16 present the faulty and reconfigured aircraft attitude angles
(rad), airspeed (m/s), aerodynamic angles (rad), and altitude
above ground (m).
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Figure 13: Dedicated adaptive thresholds and fault flag for
longitudinal measurements with an abrupt fault in roll angle
f.

495

Figure 16: Faulty and reconfigured aircraft airspeed (m/s),
aerodynamic angles (rad), and altitude above ground (m) for
an abrupt fault in roll angle f .

Figure 14: Dedicated adaptive thresholds and fault flag for
lateral measurements with an abrupt fault in roll angle f .
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be used in the Elektra 2 Solar aircraft. An adaptive threshold
(ATLMS) based on the Least Mean Squares algorithm was
used to detect different types of faults in IMU measurements.
One of the major advantages of the ATLMS technique is the
possibility - not fully explored in this work - of parameter tuning. This may result in a better fault detection performance.
Besides that, the adaptive threshold is able to to handle dynamic effects on the insensitive residual. Such effects may
arise due to plant perturbations caused by control actions or
due to the dynamic nature of the residual generator. As a consequence, non-zero residual values can be generated in faultfree scenario, resulting in a set of undesired false alarms. This
drawback could also be minimized with suitable tuning of
ATLMS parameters. Due to time constraints, the proposed
FDD approach have not been integrated and tested in real
flights yet.

100

0.2

References

0
-0.2

0

20

40

60

80

100

0

20

40

60

80

100

3

1

Figure 15: Faulty and reconfigured aircraft roll, pitch and
yaw angles (rad) for an abrupt fault in roll angle f .

4 Conclusion
The main contribution of this work was the development of a
model-based sensor fault detection and diagnosis approach to
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