AKADEMIAI KIADO

UNIVERSITY of
DEBRECEN

International Review of
Applied Sciences and
Engineering

14 (2023) 3, 374-382

DOI:

10.1556/1848.2022.00584
© 2022 The Author(s)

ORIGINAL RESEARCH
PAPER

R

Check for
updates

*Corresponding author.
E-mail: hazimn.bedran@uokufa.edu.iq

’j Journals

Evolutionary control system of asymmetric
quadcopter

Hazim Albedran"** © and Kéroly Jarmai’

! University of Kufa, Najaf, Iraq
% University of Miskolc, H-3515 Miskolc, Egyetemvaros, Hungary

Received: August 16, 2022 e Accepted: December 2, 2022
Published online: March 28, 2023

ABSTRACT

Drones, specifically quadcopters, have increased in importance during the last years due to their wide
range of applications, from civil applications to military employment. One of the most important issues
in quadcopters is the efficient control system. While many researchers have dealt with building control
systems for symmetric quadcopters, this work presents an efficient control system for asymmetric
quadcopters using evolutionary computations. The problem is well-defined throughout the paper, and
the methodology is explained in detail in the respective sections. A genetic algorithm is used to tune the
weighting matrix of the control system after formulating the control system as an optimization problem.
The genetic algorithm was fast and active to increase the performance of the proposed system.

KEYWORDS

drone, quadcopter, control system, evolutionary computing, genetic algorithm

1. INTRODUCTION

The quadcopter is one of the autonomous robot types that do not need a supporting surface;
it contains four symmetric rotors. The symmetry of the quadcopter is crucial because the
control of the quadcopter depends on rotor speed and lift force variation [1, 2]. The sym-
metric structure of the quadcopter has many advantages for different applications like
aerospace fields [3], military security systems [4], critical monitoring [5], and mineral
exploration [6]. The key point in all quadcopter applications is the sensitive nature of the
flight control of the quadcopter, which is expressed by many control techniques like Lya-
punov-based control for indoor micro-quadcopter [7] and combinations of PID-based
control [8]. Also, feedback linearization-based control is presented [9, 10], as well as model
predictive control [11]. The control system looks like a brain that tells a dynamic system how
to behave and react to responses. Adaptive backstepping control was designed [12] for the
ball and beam system, considering parameter uncertainties. The backstepping controller [13]
is a well-known technique in control systems that has been used in many applications.
Optimal control was formulated for a quadcopter as a constrained optimization problem
[14]. The PID controller is the most famous controller for the speed of motors [15]. It is
worth mentioning that the PID controller is convenient for SISO systems because these
systems have a single input and single output plant, which is easier to do using a PID
controller. The quadcopter is an underactuated system, i.e. only longitudinal, lateral, and
altitude axis and yaw angle can be directly controlled. Roll and pitch angles are systemically
calculated, and that is why it is hard to control an asymmetric quadcopter.

In this paper, a unique control system based on evolutionary computing is developed for
asymmetric quadcopters, which are hard to be controlled using traditional methods. The
proposed methodology is simple and fast and employs the genetic algorithm for tuning the
control parameters. The genetic algorithm used in this paper is one of the metaheuristic
algorithms, i.e., other optimization techniques can be used for this controller like swarm
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intelligence methods. The proposed structure in this work is
an asymmetric quadcopter that can be used for aesthetic
reasons or any other purposes. The unbalanced structure is a
challenging issue for developing a control system.

2. CONTROLLING A QUADCOPTER

The control system of a quadcopter, which is shown in
Fig. 1, can be modeled as a rotating mass in a frictionless
environment; the dominating states vector is [0,0]; angle,
and angular rate. In this section, a full-state feedback
controller using LQR is employed [16]. For this problem, a
single actuation is assumed, representing the quadcopter’s
four thrusters working together to produce a single torque.

3. STATE SPACE REPRESENTATION

Ordinary differential equations can represent dynamic sys-
tems because the system’s change is a function of its current
state. If we zip through the derivation of a system, we end up
with a differential equation. For instance, in the spring-mass
system the way the system changes, which is acceleration, is
a function of the current state which is position. If the dy-
namic system was initialized with some energy, it would
continue to move on its own because of the relationship
between the derivative of the state and the state itself. For
any arbitrary dynamic system, we can make claims about
relationships like stability if we consider how energy changes
by analyzing the relationship between derivatives and their
states. Equation (1) expresses the stability of a linear system
which is a relation between a state and its derivative:

x:f(x)7 (1)

where x is the state and x is its derivative. If the energy is
being dissipated over time, then the system is stable, and the
faster the energy is dissipated, the more stable the system
will be. If the energy increases over time, even for just a part
of the time, the system is unstable. Thus, stability is the
property that defines how states and their derivatives are

Fig. 1. Quadcopter structure
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connected. The pattern of the system movement in equation
(1) can also be influenced by external energy u being added
or moved over time:

X =f(xu). (2)

In state space representation, we reform a high-order
differential equation into a set of first-order differential
equations. This reforming or repackaging is useful because it
makes the system easy to analyze because we can notice the
interconnected system’s underlying behavior and how the
system can be affected by an external input or multiple in-
puts. There are many control techniques that are built based
on state space, such as:

Kalman filter [17].

Linear-quadratic regulator (LQR) control [12].
Rubost control [18].

Model predictive control (MPC) [19].

PID controller [15].

AR IS

3.1. Pole placement

Pole placement or full-state feedback is a method used to
develop a feedback controller from a model that is expressed
by state space equations [20]. This method is not used
extensively in the control industry like LQR; for pole
placement control, the feedback occurs on the state vector
instead of the output, as shown in Fig. 2. By finding the
proper value of the gain K and subtracting the result from
the multiplication of the reference signal and scaling term Kr
we can get a new input value that can be fed to the plant.
The Kr on the reference is a scalable value and is used to
affect the steady-state error by controlling the input signal.
The state equation is defined as follows:

% = Ax + Bu, (3)

where A and B are matrices while x, X, and u are the state, its
derivative, and control action, respectively. The dynamics of
a linear system are captured by the first term of equation (3)
and express how the energy is stored and moved in the
system. The second term of equation (3) shows how the
system responds to the inputs. Any feedback controller has
to modify the A matrix to change the system’s dynamics.
This is true when considering the system’s stability, where
the eigenvalues of the A matrix are the system’s poles, and
their locations on the root locus graph express the system’s

Ref

v

Plant

A

Fig. 2. Typical feedback control system
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stability. Thus, we can generate closed-loop stability by
moving poles or eigenvalues of the A matrix. We can set
appropriate poles for simple problems of two state variables
and find the gain vector values using the characteristic
equation. However, the problem becomes complex or
infeasible for problems with a large number of state vari-
ables. One of the disadvantages of the pole placement
method is that it assumes feedback for any state in the
system, which is not possible in many cases due to mea-
surement deficiency.

3.2. Linear quadratic regulator

Linear quadratic regulator or LQR control is one of the
optimal control types based on state space representation
[16]. The structure of the LQR control is the same as the
pole placement control, but both use different ways to
choose K values. In LQR control, we search for the K matrix
based on an objective function considering the system’s
performance and effort on the system itself. The K matrix
can be found by minimizing the objective or cost function f
as follows [14]:

f= /oo (x"Qx + u"Ru)dt, (4)
0

where Q and R are penalties on the performance and effort,
respectively, and the following equation can estimate the
gain matrix for a given dynamics of the system:

u = —kx. (5)

The best performance has the minimum area under the
curve in the state-time space considering squaring the values
on the curve to avoid negative data. This means that the cost
function will be turned into a quadratic function that has a
definite minimum value that can be estimated using a
metaheuristic algorithm, for example. R and Q are both
positive definite matrices where R acts on the input vector
while Q acts on the state vector. The cost function can be
written as follows:

g

By solving the LQR problem, we can get the gain matrix
that produces a low cost for a given dynamic system. The
best cost or best performance can be represented by the first
term of equation (4) as the area under the curve in the state-
time space, as shown in Fig. 3. In other words, Fig. 3 shows

state
A

performance

— time

Fig. 3. Performance of the dynamic system
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the first part of the cost function that has to be minimized to
the lowest value as much as possible.

The second part of equation (4) expresses the actuation
of the system, which also has to be minimized to save power,
money, materials, or other costing efforts. The cross product
of u and x in equation (6) is often penalized by adding
penalty factors to the off-diagonal of the weighting matrix as

follows:
ceals gl o

In other words, N” and N has scalar values that can be
used to punish or penalize wrong solutions. Thus, equation
(4) is rewritten, including the penalty factors:

f= /00 (xTQx +u'Ru+ 2xTNu) dt. (8)
0

4. EVOLUTIONARY COMPUTATION

4.1. Evolutionary family

Evolutionary computation is focused on using natural evo-
lution mechanisms to modify a population of individuals
representing different points in the solutions space associ-
ated with a given problem to reach an optimal situation
using a “survival of the fittest” procedure. The evolutionary
computation family of algorithms classification divides the
family into four main groups [21], as revealed in Fig. 4. Most
of these categories share a common basic algorithm. Vari-
ations come from the way some operators are applied to the
algorithm process and what is the basic representation of the
individuals in the population.

4.2. Genetic algorithm

Genetic algorithm GA [22] is a heuristic optimization al-
gorithm where the evolution and natural genetics form the
algorithm’s base. In the 1970s, Holland [23] first presented
the concept of genetic algorithms. The inspiration came
from the principle of survival of the fittest after the principle
had been introduced by Charles Robert Darwin [24]. Most
of the search spaces have complex shapes and multimodality
containing multi-local optimum solutions. However, the
probabilistic mechanism of the GA leads a specific solution
optimally in a search space toward a point of the minimum
cost or maximum benefits. In real life, individuals of species
can survive and reproduce if they can adapt to the change in

Evolutionary
Computing

!

A 4 A 4 A 4 l

Evolutionary
Strategies

Genetic
Programming

Genetic
Algorithms

Evolutionary
Programming

Fig. 4. Family of the evolutionary computation
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environment and best fit the competition in the foraging
process. Each individual has its own characteristics that
make it unique.

On the other hand, the genetic content of the individual
determines these characteristics. Each feature is represented
by a chromosome consisting of a set of units called genes.
Thus, the order or form of the set of genes is responsible for
a specific feature in the individual. Hence, genes are the key
points behind the survival of the individual. Evolution is
successive changes in the characteristic of an individual
during successive generations over time. However, we can
define evolution as successive changes in the genetic content
for an individual during successive generations. During
reproduction, half of the genetic material comes from a
male, and the other half comes from a female of a specific
species. Thus, the offspring is a recombination of the genetic
pool, and the role of the natural selection is to decide
whether that offspring fits or does not fit to the competitive
environment. This mechanism enables the individuals with
best features to dominate at the expense of the individuals
with weak features. Only the fittest will survive and couple to
reproduce the next generation, which is another recombi-
nation of the genetic material. So, we can say that the best set
of genes will survive in the existence battle. Specifically, the
recombination of the genetic pool from parents to reproduce
offspring is called crossover. For some reason, the arrange-
ment of the genes in a chromosome may be changed in a
probabilistic process called mutation, which leads to a
change in some features of the individual. Repeated cross-
over and mutation may lead to the right possible individual
that can be more fit for the competitive environment. In a
genetic algorithm, sequences of generations are created us-
ing selection, crossover, and mutation; the crossover and
mutation represent a search mechanism within the search
space. Selection provides the process of choosing the best
solution to survive, and many selection mechanisms were
discussed in the literature. Each solution should be associ-
ated with a fitness value; the best solution is the one with the
best fitness value.

5. TUNING WEIGHTING MATRIX

In this section, the effect of the weighting matrix on the
performance of a control system is presented and studied
with a numerical example. By tuning the weighting matrix,
the system performance can be increased by decreasing the
system’s time response. Both matrices Q and R can be
formulated as follows:

_ | 0

R= [ps], (10)

where p;, ps, and ps are the optimization variables that are
desired to know their optimal values using the GA. As a nu-
merical example, system dynamics can be described as follows:
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0 1
A:{o.m 0}’ (11)
0
- [7] o
C=[1 0], (13)
D=0. (14)

Table 1 illustrates how tuning weighting parameters can
affect the performance of the dynamic system, which is
described by equations (11) to (14). The performance was
recorded as the area under the curve of the response to
initial conditions, as described in Fig. 3. The performance of
the system can be considered as the inverse value of the area
under the state-time curve. In other words, less area under a
curve means the best performance. Thus, we search for a
combination of p;, p,, and p3 that provide maximum per-
formance value.

The numerical example in Table 1 shows that tuning Q
and R matrices is a minimization optimization problem that
has a variable size of 3, global optimal is zero, and con-
straints on the variable can be set:

Minimize:
cost(p1 pa ps) = Area under the curvein state
— time space
Subject to:
0<(p1 p2 p3)<10 (15)

The minimization problem was solved using genetic al-
gorithm, as shown in the convergence curve in Fig. 5,
where the reduction of the cost function represents an
amplification of the efficiency of the control system. The
better efficiency can be described by the minimum time
required to settle a signal to the steady state, as shown in
Figs 6 and 7.

The advantages and disadvantages of employing an
optimization algorithm for a control system are competitive
depending on the nature of the algorithm itself [25, 26].
However, the population size used for the statistical results
in Table 1 is 50, with one independent run with three var-
iable size of integer values. The cost function search space is
convex, similar to Fig. 8, which decreases monotonically
towards the global point, which is zero.

Table 1. Effect of the weighting matrix on the performance of the

system
Parameter

No. P P2 P3 Area under state-time curve  Performance
1 1 1 1 17.43 0.05737

2 7 4 3 13.851 0.0721

3 2 10 5 28.595 0.0349

4 10 5 2 11.868 0.0842

5 8 8 8 17.434 0.0573
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Figure 5 shows that the genetic algorithm finds the
optimal values of (p; p, p3) after only 15 trials; it needs
approximately 0.2 s. This short time of calculation is suitable
for real-time applications, specifically suitable for drone
control. The shape of the tuning parameters search space,
which is shown in Fig. 8, is convex. In other words, all
possible candidate solutions descend toward the optimal
value which is located at the bottom of the surface. This type
of search spaces is not recommended to be solved by
metaheuristics which contain large values of randomness in
their search engine. The reason is that randomness can shift
the solution upward in the search space by a random value.
For the search space shown in Fig. 8, the hill climbing
optimization algorithm can be a better choice than using a
genetic algorithm. However, this needs a separate compar-
ative study that can be a topic for future work.

4.2

Cost function
W oW W
BN (2] o

o
N

0 5 10 15 20 25 30
iteration

Fig. 5. Performance of the control system

6. QUADCOPTER FLIGHT DYNAMICS

Figure 9 shows the body frame O, located at the center of
mass of the quadcopter, which is related to the inertial frame
O; at the control station on the ground. The vehicle frame on
the quadcopter is parallel to the inertial frame while the
body frame transforms about the vehicle frame by Euler
angles, as shown in Fig. 10.

The state vector is defined as:

X = [x,9,2,0,0,p.%,5,% 0,0, (16)

where x, y, and z are the position vector of the body frame

with respect to the inertial frame while ¢, 8, and y are Euler

angles [27]. The transformation matrix from vehicle to body

frame R can be expressed as follows:

C¢Cg — S¢SV,Sg —C¢S,,, C¢Sg + CgS¢SW

CoSy + CpSySo CyCyy S8 — C,CpSy |, (17)
—CySo Sp CyCo

R =

where C and S denote cosine and sine functions. According
to Newton’s second law, the acceleration in the inertial
frame will be:

% 0 0
m|j|l=1 0o | +R"|0], (18)
z —mg T

where T is the whole thrust force generated by all the pro-
pellers, m is the mass of the quadcopter, and g is the grav-
itational constant. The angular velocities vector w in the
body frame can be calculated using the rates of Euler angles

Response to Initial Condition

Angular velocity
» o @ 3

N

o

time

Fig. 6. Time response

Actuator Effort
0
2
@
g 4
e
6
-8
10 L | | | ) ) )
0 1 2 3 4 5 6 7
time

Fig. 7. Input development of the control system

Brought to you by University of Debrecen | Unauthenticated | Downloaded ©1/19/24 12:17 PM UTC



International Review of Applied Sciences and Engineering 14 (2023) 3, 374-382 379

p Co O —SQC¢ d)
w=|q| =[]0 1 S¢ o1. (19)
r S O Cd,Cg l//

By differentiating both sides of equation (19), we get the
angular acceleration vector of the quadcopter:

p ¢
@=|q| =R, 0| +A, (20)
i i

where

Optimal quadcopter
performance

Fig. 8. Tuning parameters search space

(w,r)

Roll
(v ¢.p)

Co 0 —S4Cy
Ro=|0 1 S |, 1)
S O C¢ Co
SoSoiis — CoCooi — Spig
A= ‘ (22)

Pys
—S¢ng-5u./ — Sgc(wy-/ + Caééb
To simplify equation (20), many research ignores matrix A
for both linearized and nonlinear systems [28, 29]. By taking
into consideration the Coriolis effect, we can get the angular
acceleration by Newton’s second law [10]:
%
— wXJjo, (23)
Ty

b b b
where 74, 75, and 7, are moments along i, j, and k axis,
respectively, which are shown in Fig. 10, while ] is the inertia
matrix which is a a diagonal:

Joe 0 0
0 0 Jz

. . b b
where Jy, Jy» and J,; are moments of inertia about 7, j , and
k , respectively. The system dynamics can be formulated
using equations (18), (20), and (23) as follows:

k‘b

Yaw

Body frame

(v.0,0)
jb

Pitch

Fig. 9. Quadcopter frames assignment
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k? (Altitude)
’ 7
b QB

g
el 5 (North)

1% (East)

0
P 0
jl=|0|+R"|O (25)
z -8 T
m
¢ )
O|=R'T"| |7 | —wXJo | —R'A (26)
W Ty

7. OPTIMIZATION PROBLEM FORMULATION

The quadcopter can be controlled efficiently only by four in-
puts which are position [x y z]and yaw angle y, while the
other twelve states can be determined due to these four given
inputs. The reduction of inputs relative to the total number of
states is the reason why a quadcopter is an under-actuated
system. The goal is to set the Cartesian position and yaw angle
of the quadcopter as inputs and get the corresponding angular
velocities of the actuators, as shown in Fig. 11.

We can arrange the inputs in the dynamic equations (25)
and (26) by assuming:

_56- Uy
)'/' = u)/ I (27)
z U,

and
o [ue
0| =1us|, (28)
W Uy,

where u,, u,, u, uy, ug, and u, are inputs of the control
system that we can tune effectively. Now, equation (25) can
be rewritten as follows:
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Desired State

Y Position =[x ¥y Z]

Genetic Algorithm

0 ¢

v \ 4 T

—| Position \ Attitude Control

T

A 4

Actuators

[w1 w2 w3 @4]

Quadcopter

Lx

Fig. 11. Schematic diagram of a quadcopter control system

0
Uy 0
w | =10 | +RT[O]. (29)
U, £ Z

m

In feedback linearization-based control, equation (29) can
be solved for ¢, 6, and T by arranging equation (29) to be:
C¢Cg — S¢S,,,Sg —C¢SW C¢Sg + CgS¢SV, Uy
CoSy + CpSySo CyCy SS9 — C,,CopSy Uy
—CySp S¢ CyCo u, +g

0
0
T
m

(30)

The zero values in the right-hand side of equation (30)
come from the assumption that the quadcopter structure is
symmetric, which is necessary to solve equation (30)
analytically. The problem is getting worse when the quad-
copter has an asymmetric structure. In this case, the right-
hand side of equation (30) components will be all nonzero
values, and that makes it hard to solve for ¢, 8, and T. This
paper proposes an evolutionary solution using a genetic al-
gorithm for asymmetric quadcopter when the zero values in
equation (30) become nonzeros as v;, and v,. The objective
function that has to be minimized can be written as follows:

Minimize:

f = (CpCo— SSySo)ux = (CySy )uy + (CoSo
+ CoS4Sy) (uz +g) — w (31)

subjected to
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(CoSy + CySy S0t + (CoCy )y + (8,59
— CyCySyp)(u; +g) —v2<0,-180< ¢, 0 <180, (32)

After finding the solution for ¢, and 6, it will be easy to
find the total thrust force directly:

T= m[(—C¢Sg)ux + (S¢)uy + (C¢C§) (u, +g>] (33)

This optimization problem can be minimized by many
methods like swarm intelligence [30], biologically inspired
algorithms [31], and so on. In other words, this research
proposal opens the door for many possible future works that
can employ metaheuristic algorithms [32] for control systems.

8. CONCLUSION

The evolutionary control system of a quadcopter introduces
an efficient way to control quadcopters that have unsym-
metrical structures, which are hard to solve their equations.
Thus, the proposed methodology presents a direct way to
control both symmetric and asymmetric structures. Building
a control system with evolutionary computing is a kind of
optimal control of systems. The analytical solution of the
dynamic equations of an asymmetric quadcopter cannot be
found during feedback linearization-based control. Thus, the
evolutionary control system has the advantage of estimating
the solutions for the control system. The genetic algorithm is
used in this paper to find the optimal values for the
weighting matrix. This algorithm has proven that tuning the
weighting matrix of a control system is not a time expensive
optimization problem. During a fraction of a second, the
algorithm can find the optimal values of the weighting
matrix that can drive the system to the best performance.
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