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uncertainties can be diverse: for example, they might
stem from wind gusts or when it is necessary to change
parameters of the AV abruptly (e.g. flight altitude, angle
of attack etc.). In such cases bending moments of the
AV’s structure might appear [6] what leads to the
dispersion of its aerodynamic properties [1]. Further,
engine failures can cause vibrations appearing in the
AV’s structure which will affect the measurement
accuracy of navigation sensors [7]. In some cases the
presence of uncertainties can cause a number of
successive negative effects, particularly, an additional
disturbing moment because of asymmetric impact of
uncertainties [5].
As the requirement for system reliability is ever
increasing while application areas for modern aircraft
systems are growing constantly, more sophisticated
control methods then classical PID control or LQR
become necessary. For this purpose the utilization of
robust control theory [8] presents a good choice, where
the synthesis of AV motion control algorithms is based
on the plant model’s properties in the frequency domain.
When applying robust control methods to a particular
plant model with a given set of uncertainties one of the
main tasks is to evaluate the performance of the
suggested control algorithms as part of a closed-loop
perturbed AV model. To the effective methods of robust
controller design belongs the method of H  control,
particularly the method suggested by McFarlane and
Glover [9-10]. A classic version of this method was later
called H  normalized coprime factorization [11]. One of
its modifications developed by Le and Safonov [12-13] is
called H  optimal loop-shaping control. The advantage
of both approaches is that the uncertainty model doesn’t
represent any real physical uncertainty which is actually
unknown. Such approaches only require a desired form of
the open-loop transfer function in the frequency domain.
The disadvantage of such synthesis methods is the
possible high dimensionality of the designed controllers

Abstract—There are several applications for modern robust
control theory in which closed-loop performance in the face
of model uncertainties and measurement noise is of
uttermost importance. Especially for safety-critical areas
like aerospace systems uncertainties due to unmodeled
dynamics or neglected flexible modes as well as atmospheric
disturbances have to be carefully considered during the
controller design procedure. Another important aspect in
flight control system (FCS) design is fault-tolerance. As
many modern aircrafts are inherently over-actuated, the
control objective could still be achieved when one or even
more actuators fail. It is thus of practical interest to extend
the robust controller’s performance analysis to also
incorporate such scenarios. This paper presents the design
of a robust longitudinal controller for the input-redundant
ADMIRE (Aero-Data Model in Research Environment)
aircraft benchmark model. After the analysis of the closedloop system’s performance in the simultaneous presence of
aerodynamic uncertainties, sensor noise and turbulence
acting on the aircraft, the additional occurrence of actuator
faults has been simulated to determine the FCS’s robust
stability margins. 
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I.

INTRODUCTION

One of the key problems for the design and simulation
of aerial vehicle’s (AV) motion control algorithms is the
consideration of uncertainties – both internal
uncertainties in the AV motion model itself (due to
aerodynamic variation, measurement errors etc.) [1-2]
and external uncertainties from the environment like
atmospheric turbulence [3-4]. There are structural and
parametric uncertainties [5]
and each type of
uncertainties can cause a critical discrepancy between AV
flight data and the data received from the simulated
motion. Such discrepancy can cause the non-fulfillment
of the flight task or even an accident. The origin of
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[14]. In this case appropriate methods to reduce the
controller’s order are available.
When developing motion control algorithms of AV,
special attention should be paid to the class of systems
that are designed with a marginal static stability or even
unstable behavior to achieve greater maneuverability [15].
For such aircrafts like the HIMAT [14] and F-16 aircraft
[16], robust control methods have already been applied.
The occurrence of uncertainties and impact of external
disturbances like turbulences on an AV might also have a
chain effect that could lead to a simultaneous impact of
several uncertainties on the examined system [17]. Such
situations can lead to a broad variation of the AV’s
aerodynamic properties and thus to a high risk of losing
control over the system.
To maintain at best nominal performance of the
closed-loop system in the presence of a failure, the FCS
also has to be fault-tolerant [18]. One of the main
requirements for fault-tolerant control (FTC) is the
redundancy of actuators (or sensors), which can either be
based on physical or analytical redundancy [18]. FTC
systems can typically be divided into active and passive
approaches, where the former reacts to occurrence of a
fault by actively changing the underlying control system
and thus being able to (at best) maintain nominal
performance. This requires the implementation of an
appropriate fault detection and reconfiguration scheme,
though. The implementation of a robust fault detection
approach with optimization-based control reconfiguration
has been presented in [19]. For passive FTC no additional
components have to be designed. Here a fixed controller
structure is used, which typically incorporates faults and
uncertainties in a robust design approach.
The purpose of this paper is to analyze the faulttolerance capabilities of a passive AV motion controller
based on a robust H  analysis and synthesis procedure.
For the simulations a benchmark aircraft model with
unstable longitudinal modes and input-redundancy has
been used [20]. To demonstrate the robustness properties
of the presented method aerodynamic uncertainties and
sensor noise as well as turbulences have been simulated.
Finally, actuator faults have been added to the
simulations.
This paper is organized as follows. In section II the
implemented robust H  control methods are presented.
Section III introduces the aircraft benchmark model on
which the robust control scheme has been simulated. In
section IV the implemented simulation setup is shown.
Furthermore the design of two robust controller as well as
a PID benchmark controller is described. The different
simulations and results are presented in section V. Finally,
section VI concludes the paper and gives an outlook on
possible future extensions of the presented work.

given in Fig. 1. The ADMIRE aircraft model has been
designed by FOI, Sweden [20-21].

Figure 1. Configuration of the ADMIRE aircraft (colored areas are
longitudinal control inputs).

This paper examines a simplified model of the
ADMIRE aircraft with the following assumptions:
 the aircraft is trimmed at a steady-state horizontal
flight;
 control in the longitudinal axis is realized by
means of elevons and canards;
 a synchronous deflection of each actuator pair
(outer and inner elevons and canards) is assumed.
A nonlinear model of ADMIRE aircraft longitudinal
motion can be presented as a system of 5 differential
equations:

V  ( FD  FT cos   Fg sin(   )) / m,

  q  ( FL  FT sin   Fg cos(   )) / mV ,
q  ( M Ay  M Ty ) / I y ,

  q,
h   z,
where FL  CL  S V / 2 , FD  CD S V 2 / 2 are aerodynamic lift and drag forces; M Ay  CM cS V 2 / 2 ,
M Ty  FT zT are aerodynamic and thrusting moments;
FT is thrust force; zT is moment arm of FT ; Fg is force
of gravity; CL , CD , CM are the corresponding aerodynamic
coefficients; V is the airspeed (m/s), c is the
aerodynamic chord (m), q is pitch rate (deg/s), S is the
wing area (m2 ) ,  is the air mass density (kg / m3 ) ,  is
angle of attack (deg);  is pitch angle (deg), m is mass
of the aircraft (kg), z is height (m) and I y is pitch inertia
(kg  m2 ) .
For a preliminary analysis, the equation system (1) can
be presented as a linear system of the following form:


2

x(t )  Ax(t )  B w w(t )  Bu u(t ),
z (t )  Cz x(t )  Dw1 w (t )  Du1u(t ),

II.

ADMIRE AIRCRAFT MODEL

(2)

y (t )  Cy x(t )  Dw2 w (t )  Du2u(t ),

The subject of research of this paper is the ADMIRE
aircraft model which represents a generic nonlinear six
degree of freedom high-speed delta canard aircraft as
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where x   V  q  h51 is the state vector,
u  [ c ie  oe ]T31 is the control input,  c is the canard
angle (deg),  ie is the inner elevon angle (deg),  oe is the
T
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outer elevon angle (deg), r  [ ref ref ]T21 is the
reference vector, n  [n n ]T21 is the measurement noise
vector, wturb  [wx wz ]T21 is the turbulence vector,
is
the
disturbance
w  [wturbT nT ]T41
vector, z  [  ]T21 is the vector of controlled
variables, y  [  ]T21  [(  n ) (  n )]T21 is the
measured output vector.
III.

ROBUST H  CONTROL METHOD

This paper examines a MIMO system whose structure
in robust control applications usually has a form as
presented in Fig. 2. The input and output parameters are
presented in detail in section II. The K  controller is a

Figure 2. The classical structure of a closed-loop MIMO system the
robust control theory.

The H ,loop method, introduced by Safonov and Le, is

robust H  controller,  is the uncertainty of the
aerodynamic coefficients CL , CD , CM and P is the linear
model of the ADMIRE aircraft in matrix form:
 A B w Bu 
 P11 P12  

P
  Cz Dw1 Du1 
P
P
21
22

 C D
Du2 
w2
 y
The main problem of H  optimization approach is
that the closed-loop system should comply with both
requirements for robustness and for efficiency. To
achieve this the H  norm be limited:

used to compute a Glover-McFarlane pre-filter Wp1 (s).
The pre-filter is then used to assume any specified loopshape G d ( j ) [13, 22]. The derived Safonov-Le prefilter allows to design an optimal loop-shaping controller
for a MIMO plant P without the need of manually
computing the weight matrix Wp1 (s) . Using the loopsyn
function in MATLAB a desired loop-shape G d can be
specified and implemented easily by providing the
characterizing cutoff frequency of G d .
IV.

S( s) W1 ( s)
N( s )



,

 T( s) W2 ( s)
R ( s) W3 ( s)

For the following examinations the ADMIRE aircraft
model is linearized at a height of h = 6000 (m) and an
airspeed of Mach M = 1. The linearized model is openloop unstable. The components of the system (2) are of
the following form:
 System matrix

(3)



where S( s) is the sensitivity matrix defining the robust
quality. T( s) is the complementary sensitivity matrix
that secures the robust stability of the system. R( s) is the
control sensitivity matrix and  is a loop-shaping
accuracy. W1 (s), W2 (s), W3 (s) are weighting transfer
functions that define desired frequency properties of
tracking error signals, monitored outputs and control,
respectively. In the design process the desired singular
values of L, S and T are specified, with L( s) being the
loop transfer function matrix L(s)  P(s)K(s) .
The paper examines two methods of robust controller
synthesis: H  normalized coprime factorization ( H , ncf )
and

CONTROLLER DESIGN

 0.0937 1.0669 0.0237 9.8100 0.0002 
 0.0002 2.0959 0.9970
0
0 

A   0.0321 28.0513 1.9427
0
0  .


0
1
0
0 
 0
 0
316.4283 0  55
316.4283
0

 Disturbance (wind turbulence) matrix
 0.0018 0.0028 0 0 
0.0002 0.0066 0 0 


B w  0.0022 0.0886 0 0  .


0
0 0
 0
 0
0
0 0  54
 Control matrix
 5.2761 0.9267 2.1096 
 0.0077 0.1036 0.2498 


Bu   17.6571 15.7595 34.2058 .


0
0
 0


 0
0
0
53

H  loop-shaping synthesis ( H ,loop ) . The

uncertainties in the H ,ncf approach are simulated as
coprime uncertainties. This approach only requires a
desired form of the open-loop system in the frequency
domain. Two weighting functions, Wp1 (s) (precompensator) and Wp 2 ( s) (post-compensator), are given
to form a nominal P in order to reach a desired form of
the open-loop system. This robust synthesis method
comprises 5 successive steps defined in [14].

 Output and disturbance (measurement noise)
matrices
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Dw1

0 1 0 0 0 
Cz  Cy  
 and
0 0 0 1 0 25
 [0]24 , Du1  [0]23 , Du2  [0]23 , Dw2  [022

been designed for both controlled variables  and 
separately. E.g. the PID controller for  is given by:
u  K P  e  K I   e dt  K D   .

I 22 ]24 .

(4)

Under the assumption that for small  :   e , the
controller parameters are set to K P  0.0001 ,
K I  0.1840 and K D  0.5612 .
To verify the efficiency of the suggested control
algorithms, statistical analysis of the perturbed motion
has been made using the Monte-Carlo method. Fig. 3
shows the experimental setup in Simulink. In this paper a
statistical model of atmospheric turbulence using Dryden
spectral density is realized [25]. Here two turbulence
models have been implemented: a longitudinal and a
lateral one. Each of these models has two input
parameters: an intensity of turbulence  w (m/s) and a

MATLAB has been used for the synthesis of the robust
controller. The H  controllers have been designed using
the functions loopsyn(), ncfsyn() [23] and will be
referenced further on as K loop and K ncf . The choice of
the controller parameters was based on general rules
specified in [14, 24]. For the K ncf the following
parameters have been found:
 s 1

 s  26

0
0 
 s  0.001

 s  27
Wp1  
 , Wp2  
.
s 1 
s  26 


0
0
s  0.001
s  27 


For K loop the cutoff frequency has been set to с  8
(rad/s). The loop-shaping accuracy (3) for the selected
parameters is  loop =1.435,  ncf =2.681. As a benchmark
for the H  controllers a conventional PID controller has

spatial wavelength Lw (m). The actuators have been
modeled as static transfer elements with saturation blocks
representing the lower and upper deflection limits.

Figure 3. Structure for simulating the ADMIRE aircraft’s disturbed motion in Simulink.

V.

of the controller with full order and thus this controller
has been used for the following simulations. However, if
the dimensionality of the controller is reduced till 7 th
order, the system becomes unstable (dashed lines).

SIMULATION AND RESULTS

This section presents the simulation results obtained
for the different control methods applied to the linearized
ADMIRE model presented in section IV.
In Fig.4 the simulation results for a step command to
 are presented. The commanded value for  was set to
0 (relative to the equilibrium point). Here the robust
controllers K loop and K ncf have been compared to the

TABLE I. COMPARED QUALITY CHARACTERISTICS OF A STEP
RESPONSES TO  FOR K PID , K loop AND K ncf .

K PID

Rise time (s)
0.75

Settling time (s)
2.4

Overshoot (%)
5%

further

K loop

0.47

0.6

0%

investigations the robust loop-shaping controller K loop

K ncf

0.16

2.5

0%

benchmark

PID

controller

K PID .

For

Controller

has been chosen due to the better overall performance
regarding the step response characteristics (see also Table
I). Another advantage of the robust controller over the
classical PID approach is a good decoupling of the
controlled variables  and  . As the order of the
controller K loop with n  15 is quite high, in a next step a

In a next step the robustness of the designed controller
to simultaneous aerodynamic uncertainties and
aerodynamic turbulence together with sensor noise has
been tested. The required number of simulations for
robustness analysis by the Monte-Carlo method can be
estimated using rules specified in [26]. According to
those rules, 150 simulations have been performed for the
presented scenario. To simulate turbulence the
corresponding parameters have been set to  w  6 (m/s)

singular value based model reduction [23] has been used
to reduce the order of K loop down to n  7 . Fig. 5 shows
the compared step responses for the reduced controller
with 7th and 8th order for a perturbed plant model with
aerodynamic coefficients’ variation within a range of
20% . The robust performance for the 8th order
controller (solid lines) is similar compared to the results
© 2019 Int. J. Mech. Eng. Rob. Res

and to Lw  500 (m) [25] (Fig. 6 (a)). Measurement
errors of  and  have been considered as zero-mean
white noise with a standard deviation of  n = 0.001 (deg).
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In Fig. 6 (b) three exemplary step responses to  from
the 150 performed simulations are shown. It can be seen
that the responses stay within a range of 3 w , which
confirms the good robustness qualities of the reduced
order controller.

Figure 6. 3 “tube” for lateral atmospheric turbulence gusts (a) and
corresponding step responses for  with commanded  =0 (b).

Figure 4. Comparison of step responses to



For evaluation of the passive fault-tolerance
capabilities of the designed control scheme degradations
of each actuator with different degrees of severity in
addition to the aforementioned uncertainties and
disturbances have been simulated. Fig. 7 (a) shows the
step responses and actuator deflections (b) for different
degrees of degradation in the canards reaching from the
nominal case down 80% degradation. For the sake of
clarity here only the deflections of the canards and outer
elevons are shown, since for the inner elevens only
relatively small deviations from the fault-free case
occurred. It can be seen that the AV remains stable for
the different degradations although the quality of the step
responses decreases drastically.

for K loop , K ncf and

K PID .

Figure 5. Response to step input command with a perturbed model of
the 7th and 8th order controller

Figure 7. Actuator deflections for degradation of the canards (a) and
corresponding step responses for  with commanded  =0 (b).

© 2019 Int. J. Mech. Eng. Rob. Res
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VI.

CONCLUSION AND FUTURE WORK

In this paper, a robust control scheme for a highly agile
open-loop unstable benchmark aircraft model with
control input redundancy has been designed. The robust
closed-loop performance in the face of parameter
uncertainties and sensor noise as well as aerodynamic
disturbances has been demonstrated.
Further, the analysis has been extended to the
incorporation of actuator degradation faults. First results
showed promising fault-tolerance capabilities within a
certain range of actuator degradation with considerable
worse step response characteristics. For future work a
good approach would be to incorporate the good
robustness properties of the designed control method into
an active fault-tolerant scheme with online reconfiguration in the face of severe actuator faults and
failures.
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