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The purpose of this paper is to present a Multi-Input Multi-Output (MIMO) linear
controller based on the eigenstructure assignment method for a fixed-wing Unmanned Aerial
Vehicle (UAV) in longitudinal and lateral-directional channels. To this end, a six degree-of-
freedom model of the aerial vehicle is considered, where dynamic modes of the system in each
channel are analyzed, and the effect of each dynamic mode on state and output variables of the
system is investigated. Then, the eigenvalue and eigenvector parameters of the designed
controller are appropriately assigned for the system dynamic modes in each channel. In
addition, the system requirements of each dynamic mode are satisfied with the proposed
controller, and the adverse interaction between the system state variables is minimized. The
capability and effectiveness of the designed controller in a desired maneuver are demonstrated
with a nonlinear model simulation of a fixed-wing UAV. In this regard, the results in
longitudinal and lateral-directional channels are presented.
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structure (in some configurations), system
nonlinearizedities, and model uncertainties in the

Introduction

One of the simplest methods in designing control
systems is designing the controller based on the
linear model of the system. The use of linear model-
based controllers has long been common for many
systems, so that even now, with the advent of
modern and complex control methods, the
investigation of the system behavior with a linear
system based-controller is the basis for designing
these controllers. In designing a flight control
system, one of the first steps is to use linear models
of aircraft to produce an initial controller structure.
An aircraft or any flying object has a relatively
complex nonlinear dynamics so that extensive
flight range, alteration of the aerial vehicle
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system cause the designed controller to not have
the desired performance of the designer in real
flight conditions in most of the cases. Therefore,
based on the conventional method in designing
controllers, it is necessary to make repeated
adjustments after designing the controller to bring
the controller performance closer to the desired
conditions by the designer. As is clear, this step
will involve time-consuming and costly non-
analytical processes in the controller design
process. Therefore, if more attention is paid to the
design of the controller in the initial analyzes,
these settings will be reduced in the next steps of
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the controller design process to achieve a high-
performance controller.

In order to meet the mentioned tips, modern methods
have been developed to implicitly investigate the
interaction between different states in a system by
fully displaying a multi-input multi-output controller
in a linear system. Among modern control methods,
the eigenstructure assignment method is one of the
methods that has been used to address these
challenges [1]. In a linear time-invariant system
without control input, the system response is
generated based on system initial conditions and
eigenvectors. Therefore, in the case of setting the
transient response of a system using feedback, the
adjustment of eigenvectors will be as important as
the placement of eigenvalues [2]. The design
parameters in the eigenstructure assignment method
are the eigenvalues and some special elements of
eigenvectors so that by specifying them, the feedback
gain matrix will be uniquely obtained. Therefore,
assigning the appropriate values for these parameters
makes it possible to achieve a controller with the
desired performance at an optimal time and cost.
The eigenstructure assignment method has been
used to control various systems [3-5]. In [6], this
method is used to help adjust an energy-based
nonlinear regulator for the positioning of a ship on
the horizontal plane. In [2, 7 ,8], this method has
been used very appropriately and significantly in
the design of an aerial vehicle controller. In [9], a
robust controller based on an eigenstructure
assignment technique has been designed for the F-
16 aircraft. Also, in order to achieve good
performance characteristics in the F-16 high angle
of attack maneuver, this control structure has been
used in [10]. Mortazavi and Naghash in [11]
presented a step-by-step algorithm with acceptable
accuracy for calculating state and control
weighting matrices, using the inherent relationship
between the controller adjustable parameters and
the desired eigenstructure. Mehrabian and
Roshanian in [12] designed a Skid-to-turn missile
autopilot using scheduled eigenstructure assignment
method. In [13], the linear control of the ducted fan
aerial vehicle has been performed by modeling of
a three-degrees of freedom for a specific maneuver
using an eigenstructure assignment method. Also,
in [14] this control structure has been used to
control an unmanned aerial vehicle.

In the present paper, in order to take advantage of
the eigenstructure assignment method for a
specific fixed-wing unmanned aerial vehicle, the
controller based on the eigenstructure assignment
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method is designed based on the dynamics of a six-
degrees of freedom of aerial vehicle and the
expected performance of the aerial vehicle for the
two longitudinal and lateral-directional channels.
Eigenstructure assignment method
In general, the state space model for a linear
system is introduced as follows.

X = Ax + Bu

y=Cx (M

In equation (1), the parameters x,u,y are
considered as state variables, system inputs and
system outputs, respectively. Based on the
dimensions of matrix A, in a n-order open-loop
system, n eigenvalues and n eigenvectors can be
considered as follows.

R @)

V=[vy = v o Uy ()
So that

AV =VA “4)
By defining the left eigenvector as follows:

WT =[wy = wp o wy) (5)

For system (1), equation (6) can always be
considered:

WA = AW (6)

Solving equation (1) gives the following equation
that determines the direct relationship between
eigenvalues and eigenvectors of the system and
their behaviors [1].

y(t)
n
= Z Cv;w] etitx,
i=1 (7)

n
t
+ZCviwin e Mt=71gy (1) dr
i=1 0

In equation (7), the first term is known as
homogeneous component and the second term is
known as forced component. Based on this
relationship, it is clear that the dynamic behavior
of the aircraft at any given moment is influenced
by four factors: system eigenvalues 4;, system
eigenvectors v;and w; , system initial conditions
X and system inputs u.
For this control method, the control input is
designed as a state feedback controller so that it
can be written:

u=—-Kx (8)
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For a closed loop system, the following equation
can be considered for the designed controller based
on the eigenvalues and eigenvectors of the system:

(A=BK)V = AV 9
The equation (9) can be rewritten as follows:
(A - BK)U,: = Aivi (10)
-y Vi | _
[A— A1 B [Kvi] -0 )

For a non-trivial solution of the equation (11) we
have [v; Kv;]T that is a member of the null
space [A - A;1 B].

The null space of the matrix [A - A;] B] contains
a set of orthogonal vectors. Each combination of
these vectors results in a vector that, when used as
an eigenvector, produces a closed loop system
with the desired eigenvalue A;. Therefore, the
desired vector v can be projected on this null
space to obtain an achievable eigenvector v{, so
that it would maintain the best possible closed-loop
eigenvalue and optimal coupling. This is shown
geometrically for a mode of a three-dimensional
system in Figure 1. Therefore, if a three-
dimensional vector is desirable, that vector, as
shown in Figure 1, is pictured on the null space,
and the result is the closest achievable vector that
can provide the required eigenvalues [1].

achievable vector

Dimension 3 A desired vector v
i v ai

.-~ Dimension 1
Dimension 2

M

This null space. defined by
the null vectors. describes the
set of points over which the
desired eigenvalues can be realised.

= Null space vectors

Figure 1 - Diagrammatic representation of a two-
dimensional achievable space in a three-dimensional
state-space [1]

Based on the equation (10) and considering the
vector m; = —Kwv{ which is actually the columns

of the matrix M = —KV , the vector v{ can also
be represented as follows:

‘l7ia = (/111 - A)_lei (12)
Therefore, based on the information presented in
the above, vector v may not be available in any
subspace. Therefore, although not every v{i can be
reached, but the distance between v and v can
be reduced as much as possible by defining a cost

function as follows:
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— d\*
]i__(via_vi) Pi(vlg (13)
By solving equation (9) using the Lagrange
multiplier method and defining the cost function as
(14), the matrix equation (15) can be obtained:

-1 *
Jo= 5 (o8 = o) Pi(of ~ o)

+pll - a9
—Bmi]
(MI—4) -B 0 e 0
0 o —B" |lm|=]0 ] (15)
P, 0 (-4 |w P}

Accordingly, by solving equations (15) and
specifying the values of m; and v{* and forming
matrices M and V using the values of m; and v},
the value of the feedback gain matrix K can be
calculated as follows:

K=-MV~1 (16)

Required Characteristics to Determine
Eigenstructures
Eigenstructures  include  eigenvalues and

eigenvectors, and an exclusive controller with a
different performance is obtained with each
selection of these structures. The selection of
eigenvalues is simpler than the selection of
eigenvectors, so the selection of eigenvectors is of
considerable importance; these values will be
determined based on the requirements and desired
characteristics of the system.

Decoupling requirements

In general, decoupling of the system modes and the
elimination of the interaction of system modes with
each other are achieved by correctly adjusting the
system eigenvectors. This requirement can be
described based on the concept shown in Figure 2. In
Figure 2, in addition to the discussion of the vectors
v&, v and the desired eigenvalues, the decoupling
goal in assigning the optimal eigenvector is also
shown. This figure shows that in addition to having
the desired closed loop eigenvalue, this system
mode also needs to be separated from another
dimension of system. Therefore, as it is clear in the
last figure for this system, the only achievable
eigenvector can be obtained from the intersection
between the achievable vector space and the plane
formed from dimensions 1 and 3 [1].
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Figure 2 - Diagrammatic representation of decoupling
in a three-dimensional state space [1]

Performance Requirements

Performance Requirements can be divided into
two categories, which are:

1. The controller is designed in such a way that the
input commands are followed by a provided rise
time and a specific maximum overshoot.

This characteristic can be achieved by selecting the
desired optimum values that have the lowest time
constant (for first-order modes) or a minimum
damping and frequency (for second-order modes)
in every closed loop mode. It is tried to select the
eigenvalues as close as possible to the open loop
eigenvalues of the system.

2. Characteristics for acceptable perturbation in
one variable resulting from command inputs or
changes in other variables.

This feature is performed by decoupling
operations on the desired eigenvector, so that the
effects of the interactions of the variables on each
other are reduced.

Unmanned Aerial Vehicle Model

Most of the models presented in the references
consider the aircraft to be rigid, and its elastic
effects are most often ignored. Accordingly, like
any other rigid body, the aerial vehicle will have a
six-degrees of freedom, three-degrees related to
the transfer motion and three-degrees related to the
rotational motion of the aerial vehicle. The basis of
an aerial vehicle's performance is based on the
nonlinear equation of motion, but in some
references, in order to use linear control methods,
the linear model of the aerial vehicle is extracted
by linearizing the nonlinear equations of motion in
specific conditions. In [15], a linear dynamic
model for a fixed wing aerial vehicle is extracted
based on dimensional stability-control derivatives
in two longitudinal and lateral-directional
channels. (Such as equations (17) and (18)).
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Equation (17) is used for the longitudinal channel
and equation (18) is used for the lateral-directional
channel of the aerial vehicle. As can be seen, the
models shown are multi-input models, each of
which includes two control inputs and four mode
variables.

Here, in order to design and simulate the behavior
of the controller, an unmanned aerial vehicle
weighing 13 kg is considered. Based on the linear
models presented in the equations (17) and (18)
and by substituting the values related to each
parameter, the longitudinal and lateral-directional
dynamic model of the aerial vehicle is shown
below.

W
q
6
i
[-424 2943 0 -0.65][w
_|-464 -614 0 -045||q
] o 1 0 0 |le (19)
1022 0 -981 -0.07]lu
[0 -292
0 -40.35([st
Ho 7o |l
039 -0.62
[
|A
|p
lg.
-0.39 3595 -28.09 0 ][
_| -1 -o062 0 -032(|8 (20)
1279 -131.61 -2763 0 [[p
0 0 1 o Ilo
[-12.98  -24.23
i 0 0.14 6a]
-15022  0.28 |lor
0 0
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Longitudinal Linear Model Analysis

The longitudinal linear model presented by
equation (19) consists of four state variables
w,q,0,u , which are the vertical velocity
component, the rate of change of the pitch angle,
the pitch angle and the horizontal component of
the aerial vehicle velocity along the x axis of the
aerial  vehicle's body coordinate system,
respectively. Also, the two control inputs include
the throttle angle and the elevator deflection angle.
The aircraft's open-loop longitudinal linear model
typically includes short-period and phugoid
dynamic modes. In general, phugoid mode is a
mode with low frequency and low damping that
occurs approximately at a constant angle of attack.
While the short-period mode is a high frequency
mode with high damping that can be seen at almost
constant speed. The open-loop eigenvalues and the
corresponding

eigenvectors for system (19) are expressed in Table
I.

Table 1 - Dynamic modes and eigenstructures of the
longitudinal open-loop dynamic of airplane

Mode 1 Mode 2
Eigenvalues | —5.193 + 11.65i —0.032 £ 0.255i
w 0.9290 0.1069
q 0.3689 0.0068
7] 0.0289 0.0266
u 0.0091 0.9939

As it is known, mode 1 is more related to state
variable w and mode 2 is more related to state
variable u. Based on the definitions made for
short-period mode and phugoid mode, it can be
concluded from the presented results that mode 1
represents the dynamic mode of short period and
mode 2 represents the dynamic phugoid mode of
aerial vehicle.

In order to investigate the coupling of each mode
with the input and output of the system based on
the definitions made for the eigenvectors on the
right and left of a model, vectors Cv; and w] B
determine the coupling of each mode with the
output and input variables, respectively. If the
outputs of the longitudinal model of the aerial
vehicle are considered here as equal to the aerial
vehicle mode vector, it can be concluded that the
output w will have the greatest effect from the
short period mode and the output u will have the
greatest effect from the phugoid mode.
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Longitudinal Controller Design

In order to determine the feedback gain matrix
related to the aerial vehicle longitudinal channel
controller, system eigenstructures need to be
assigned appropriately. Therefore, due to the
existence of four outputs and two inputs in this
model, we will be able to assign four closed-loop
eigenvalues and corresponding eigenvectors.
Here, in order to achieve the desired performance
and to satisfy the stability requirements based on
[15] as well as the existing experience for similar
UAVs, the damping ratio and the natural frequency
for the short-period and phugoid mode are
considered (g, = 0.7 Wngy = 11rad/s , and
Cpn =028 , Wnpy = 9rad/s respectively.
Accordingly, for the short-period mode and the
phugoid mode, the eigenvalues —7.70 + 7.68i and
—2.43 1+ 8.67i are assigned to this aerial vehicle,
respectively.

For assigning eigenvectors corresponding to short
period and phugoid modes, we can say, as a general
rule in the longitudinal dynamics of each aerial
vehicle, in the short period mode while the changes
in forward speed are zero, the vertical speed
component of the aerial vehicle with the pitch rate
term has coupling. Also, in phugoid mode, while
the vertical speed changes of the aerial vehicle are
zero, the pitch angle and the forward speed are
coupled together. Therefore, if the vectors v; and
v, represent the eigenvectors corresponding to the
short-period mode and the vectors v; and v,
represent the eigenvectors corresponding to the
phugoid mode, in order to provide the conditions
for the decoupling of these dynamic modes from
each other, these vectors are considered as follows

[2].

w 1 X 0 0
q X 1 z z
o1 (v (¥ |1 [* (21)
u 0 0 k|l |1
vi v, vy,

Based on the design, the optimum eigenvectors for
the longitudinal channel of the aerial vehicle are
considered as shown in Table 2. It should be noted
that the values x,y, z and k assigned here are not
unique values and can be changed depending on
the designer’s opinion. But in the meantime, the
expertise of the designer in assigning appropriate
values based on the performance requirements that
are required for the aerial vehicle is of
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considerable importance. Therefore, in the case of
the selected aerial vehicle in this article, according
to the approach observed in the references
mentioned and also the experience of the authors,
the values mentioned in Table 2 have been
selected. By reviewing the results obtained from
the simulator and meeting the performance
requirements of the aerial vehicle, after adjusting
these values several times, the selected values have
been approved and used.

Table 2 - Desired Eigenvalues and eigenvectors of the
longitudinal closed-loop system

Short Period Phugoid
w 1 0.045+0.18i 0 0
q 0.045+0.18i 1 134001 | |1.3+0.01i
0 —0.21-0.01i | |-0.21-0.01i 1 1
" 0 0 1 1

Based on the assigned eigenstructure and also
considering the Identity matrix for matrix P in
equation (15), finally the feedback gain matrix for
the longitudinal channel of the UAV is calculated as
follows.

KEAlong
_ [—33.7 0.0554 1.6036 0.00367 (22)
0.0001 -0.0001 -0.0009 0.0000

Lateral-Directional Linear Model Analysis

The lateral-directional linear model presented by
equation (20) includes the state variables r, 5, p , ¢
which are the yaw rate, sideslip angle, roll rate and
aerial vehicle bank angle in the body system,
respectively. In this model, two control inputs
include the angle of the control surface of aileron
and rudder of the aerial vehicle. This open-loop
lateral-directional linear model includes dutch roll,
roll and spiral dynamic modes, so that the dutch
roll mode is an oscillating mode and the roll mode
is a first-order and fast mode. Spiral mode is also
a first-order mode and usually with very poor
stability. The open-loop eigenvalues of the system
(20) and the corresponding eigenvectors
corresponding to each are shown in Table 3.
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Table 3 - Dynamic modes and eigenstructures of the
lateral-directional open-loop dynamic of airplane

Mode 1 Mode 2 Mode 3

Eigenvalues -19.69 —4.46 + 15.07i -0.0281
r 0.7975 0.8974 0.2980

B 0.0413 0.0571 0.0235

) 0.6011 0.4366 0.0262

0] 0.0305 0.0278 0.9539

From the results presented in Table 3, it is clear
that mode 1 with state variable p, mode 2 with state
variable r and mode 3 with state variable ¢ have a
strong coupling. Based on the specifications of
each of these modes, it can be said that the mode 1
shows roll mode, mode 2 shows dutch roll mode
and mode 3 shows the aerial vehicle spiral mode.

Here again, if the outputs of the lateral-directional
model of the aerial vehicle are considered equal to
the aerial vehicle state vector, so that the matrix C
is defined as an Identity matrix, the size of vector
Cv; will exactly result in the values given in Table
3 as the output vector of the lateral-directional
channel of the aerial vehicle. Here, too, it can be
concluded that output p has the greatest effect
from the roll mode, output r has the greatest effect
from the dutch roll mode, and output ¢ has the
greatest effect from the spiral mode.

Lateral-Directional Controller Design

For the lateral-directional channel of the aerial
vehicle, as in the design of the controller of the
longitudinal channel, the feedback gain matrix is
calculated by assigning the corresponding
eigenstructures. Based on the desired performance
characteristics as well as the stability requirements
mentioned in [15] and the experiences in the
controller design for similar UAVs, the values of
¢ =0.7 and w,, = 7 rad/s can be considered for
the dutch roll dynamic mode as an oscillation
mode. Based on this, eigenvalues —4.90 + 4.99i
will be obtained for this mode. Also, for roll and
spiral dynamic modes, in order to achieve the
desired level of stability, the values 11.0 and —0.9
have been assigned to these modes, respectively.

For assigning eigenvectors corresponding to roll,
dutch roll and spiral modes in order to decouple
these modes from each other, for the roll mode, the
component corresponding to p (due to the
importance of this state variable in roll mode) is
considered to be one. For the spiral mode, due to
the importance of the bank angle, the
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corresponding component of this state variable is
considered to be one. Due to the coupling between
the variables of roll rate and bank angle of the
aerial vehicle in roll and spiral modes, these
components are considered corresponding to each
other and in order to decouple these modes from
the dutch roll mode, the other components of these
vectors are considered to be zero. For the Dutch
roll mode, the data shows that the yaw rate is of
particular importance. Also in this mode, the yaw
rate and the sideslip angle are coupled to each
other. Therefore, while the values of these
components correspond to each other in the dutch
roll eigenvectors, in this mode, in order for
decoupling from other modes, the roll rate and the
bank angle are considered zero and the values
corresponding to these state variables in the
desired vector roll eigenvectors are considered
zero. If the vectors v; and v, represent the
eigenvectors corresponding to the aerial vehicle
dutch roll mode and the v; and v, vectors
represent the eigenvectors corresponding to the
aerial vehicle roll and spiral mode, respectively,
these vectors can be considered as follows [2].

r 1 X 0 0
£ x 1 0 0
p| 0] [Of |1 y (23)
) 0 0 v 1
ViV, W v,

The values x and y in equation (23) are nonunique
uncertain components for which, according to the
designer, it is possible to assign different values.
Here, based on the design based on the
requirements of stability and control as well as the
experiences of the authors, the optimum
eigenvectors for the lateral-directional channel of
the aerial vehicle are considered as shown in Table
4.

In the lateral-directional channel, it is also
assigned based on eigenstructures, and also
considering the Identity matrix for the matrix P in
equation (15), feedback gain matrix based on
equation (16) as the values shown in (24) has been
concluded.

Table 4 - Desired Eigenvalues and eigenvectors of the
lateral -directional closed-loop system

Roll Dutch roll Spiral
r 0 1 0.211+1i 0
p 0 0211+1i 1 0
p 1 0 0 -0.972-0.1i
p —-0.972-0.1i 0 0 1
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KEAlat
_[—0.0716 0.7335 0.0886 —0.04947 (24)
~1-0.2134 —0.1898 0.7401 —0.1499

Simulation of UAV behavior in the presence of
a designed controller

In order to prove the performance of the designed
controller based on the eigenstructure assignment
method, and to study the behavior of the UAV with
the specifications presented in equations (19) and
(20), a linear model simulation of a six-degrees of
freedom has been performed in MATLAB
environment. The simulated system is
implemented for the longitudinal channel for the
initial condition X, =1[0 0 5 0] and for the
lateral-directional channel for the initial condition
Xo =10 0 0 5] with the implemented controller.
The results obtained for the outputs u, €, g, w in the
longitudinal channel are shown in Figure 3 and the
outputs 1,B,p,¢  for the lateral-directional
channel of the aerial vehicle are shown in Figure
4.

In general, any designed controller needs to be
implemented on a real system and provide the
desired performance for it. As it is known, an
aircraft has nonlinear dynamics and therefore the
study of its behavior requires simulation of a
nonlinear six-degrees of freedom of the aircraft.
Therefore, based on the observations of the results
presented in Figure 3 and Figure 4 and with
ensuring the optimal performance of the designed
controller, by performing a simulation of a six-
degrees of freedom of the UAV in the
Simulink/MATLAB environment, the designed
controller is applied to the nonlinear system. In
order to evaluate the performance of the controller
in executing directional commands, a Dubins path
including arc-straight line-arc [16 and 17] at a
fixed height of 100 m is considered. The
simulation result of a nonlinear six-degrees of
freedom of aerial vehicle movement in Figure 5
show the ability of a designed controller based on
eigenstructures to apply to a nonlinear system.
From the displayed results, it is clear that the
designed controller was able to control the UAV
well in both longitudinal and lateral-directional
channels, so that the aerial vehicle in the presence
of the controller with optimal operating conditions
has been able to achieve stable conditions, and
follow the default path.

In order to investigate the effect of noise on the
controller performance and its stability, white
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noise has been added as a measurement noise to
the output of the sensors in the developed

nonlinear simulator. The standard deviation for §_0_z

white noise applied to each of the measured % 04

variables based on the values proposed in [18] is 0T w0 s w0 x m m a0 a5 &
shown in Table 5. Time (9

Table 5 - Standard deviation of measurement noise

= 4
Measurement Stal}da-rd Unit g L
Deviation > 2
u 0.01 m/sec ot/
W 0.01 m/sec 0 5 10 15 20 Ti"Q;(‘) 30 35 40 45 50
p 0.13 deg/sec P
q 0.13 deg/sec > [
T 0.13 deg/sec P
) 0.30 deg - .
In the a nonlinear six-degrees of freedom s © R
simulation presented to test the controller's
stability to random behaviors and atmospheric 0
disturbances, the Dryden wind model [19 and 20] g
is applied to the UAV as a random wind model. b
Here, in order to implement the wind model, the .

relevant block has been used in the Simulink A
environment of MATLAB software, and based on

the profile shown in Figure 6, a random wind has
been applied to the UAV as a disturbance. How the

Figure 3 - Behavior of the UAV longitudinal channel
output variables in linear system control

=3

aerial vehicle responds to noise and disturbance in
. . . . . -0.5
the nonlinear simulator, while moving the aerial 2
. . . : . &
vehicle on the designed Dubins path, is shown in Sas
figure 7 for the UAV control variables and for S
some of the state variables is shown in Figure 8, %5 0 15w 2 a3 4 45 50
. . . . i s,
Figure 9 and Figure 10. It is noteworthy that in the e )
simulation, the assumption is made on the explicit 02
and direct application of control commands 3
(assuming the existence of an actuator with a So
. A
transfer function equal to one) to the UAV.
o1 5 10 15 20 25 3;:1 35 40 45 50
Time (s)
[¢]
= -1
N
] -3
0 5 10 15 20 25 30 35 40 45 50
Time (s)
6
™ 4
3
S 2
00 5 10 15 20 25 30 35 40 45 50
Time (s)

Figure 4 - Behavior of the UAV lateral-directional
channel output variables in linear system control
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Figure 5 - Simulation of a nonlinear six-degrees of
freedom of the UAV movement to track a
predetermined Dubins flight path
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Figure 6 - Display of wind components applied to the
UAV, based on the Dryden random model
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Figure 7 — The UAV control variables for tracking the
Dubins path in the presence of atmospheric
disturbance and noise measurement
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Figure 8 - Changes in speed components u, v, w while
tracking the Dubins path in the presence of
atmospheric disturbance and noise measurement

The results shown in Figure 7 show that in the
absence of actuator dynamics, the frequency of
changes in control angles is in the frequency range
of disturbance factors on the UAV. Therefore,
despite proving the ability of the designed
controller, it should be noted that in real
implementation conditions, it is necessary to
consider the tolerance of the controller in
disturbing conditions according to the dynamics of
the aircraft and actuators and determine the
permissible operating conditions of the UAV.

Conclusion

Based on the observed results, it can be said that
the controller designed based on the MIMO
eigenstructure assignment method can adequately
provide the decoupling conditions between the
modes. So that by choosing the right
eigenstructures, performance requirements for the
controlled system are provided. In general, based
on the obtained results, it can be stated that by
using the ability to determine the eigenstructure,
the nature of the dynamic modes of the system can
be evaluated and the effect of each dynamic mode
on each of the variables of aircraft state and output
can be determined. Also in these conditions, the
effect of each input on each aircraft dynamic mode
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can be evaluated. Therefore, based on this
information, the controller design capability is
provided by correctly assigning each of the
eigenvalues and eigenvectors related to each of the
dynamic modes of the system. The performance of
the designed controller based on the assigned
eigenstructures, in the simulation of sample UAV,
shows that this controller achieves the desired
performance requirements in an optimal way. The
results of nonlinear simulation of a six-degrees of
freedom in the presence of uncertain factors
including disturbance and measurement noise, and
observation of the controller's success in executing
commands in these conditions, is a confirmation of
the optimal performance of the controller designed

based on specified performance requirements.
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Figure 9 - Changes in angular speed components p, q,
r while tracking the Dubins path in the presence of
atmospheric disturbance and noise measurement
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Figure 10 - Changes in the components of the roll
angle and flight path of the aerial vehicle, while
tracking the Dubins path in the presence of
atmospheric disturbance and noise measurement
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