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ABSTRACT:

Determining the most suitable control
algorithm for a system is not an easy task. In
theory, each controller has its own
advantages and disadvantages comparing
to the others. However, in the real world, the
behavior of the controller also depends on
many other factors such as the calculating
ability of the control board, the accuracy of
the sensors, the way the hardware
communicate with the others, etc. In order to
find the pros and cons of each control
algorithm in the real world, each of them has
to be tested and then comparing their

results. This article presents a simple way to
test the behavior of various control
algorithms, with the quadrotor as the control
target and ArduPilot is the framework to
create the firmware carrying multi
controllers. At the end of this article, the
results of 3 control algorithms: Original PID
of ArduPilot, new developed PID and Integral
Backstepping will be presented and
compared. These data is created by using
Software In The Loop simulation (SITL), a
tool provided by ArduPilot to test the new
developed firmware.
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1. INTRODUCTION

Quadrotor is a six degree of freedoms
system which is only controlled by four fixed-
pitch equally-space rotors. In other words, even
though the mechanically design is simple [1], this
flying system is underactuated. The calculating
for controlling this system will therefore be
complicated. In theory, there are several control
algorithms which is suitable for a quadrotor such
as PID, Adaptive Control, Integral Backstepping
[2], nonlinear H. [3] or LQR controllers [4].
.However, there is no optimized controller for

this system. Since each method has its pros and
cons, the control algorithm for a quadrotor should
base on the environment of the real system as
well as its objectives. A controller, which can has
the ability to change the control method in
specific situations and desires will therefore be
the best solution in this case. In order to
experience the pros and cons of control methods,
we decide to use the ArduPilot, a very popular
framework used to create the firmware for the
autonomous unmanned system, as the framework
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to develop a module to integrate new control
algorithms for the quadrotor. Using SITL
simulation, we can verify that this module is good
enough for taking the experiment with the real
system and give us some ideas about the good
and bad side of the integrated controllers.

2. QUADROTOR - FROM EQUATIONS TO
INTEGRATED CODE

By default, there are several ways to create
the integrated code to control a system. This
article will present a solution suitable for
complex systems, in this case a quadrotor. The
basic of this solution is based on new tools which
can transfer Simulink models into C code, as can
be seen in figure 1.

( Simulink |

__models ﬂ,

“ Gene-auto

‘ Theory
s ) MATLAB

Figure 1. From theoay to C code

Using the Euler-Lagrange methods, the
motion of the quadrotor plus frame is described
by the following equations [6]:
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The controlled targets of the equation (1) are

the Euler angles roll, pitch, yaw, which is

represented by f, gqandy ; meanwhile, the

control outputs are the angular speed of the four

motors. In order to test the equations above, they

has been described by MATLAB Simulink

model and then put in blocks with the principle
shown in figure 2.
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Figure 2. Blocks for the Simulink Model in
MATLAB

0

'
-
g

1_prev
o [e_2] dt
<8 _z> i
= 2] T o —
— p<e_phiz| . Ki
N Py el .
e
= thets FID_z
——
& pd
—
et ;
Kp Yy
= -
Kz Ki
I WD o Ly
o]
Ko
»¢2Ki_phi] ] e B
Ki_phi ¥
I e G s
——»&Kp_theta=| M
“Ki_theta®|
=" V”
FID_theta
b p&Kd_theta=| - .
Kd_theta @' e
e
] =X
Kips [e_psi] =
£id_psi| .
e o> —alis N —
K
g
&

Figure 3. Simulink model for new PID
controller
Based on the flight path or the inputs values
from the users, the desired Euler angles will be
created and then converted into the angular speed
of each motor of the quadrotor. The Controller
block can contain any kind of controller, as long
as developers can describe it with Simulink
model. This Controller block is then handled by
the Gene-auto to create the necessary code. For
example, figure 3 and figure 4 shows the
Simulink model for the PID controller
controlling the outputs of the quadrotor and the C
code generated by Gene-auto.
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GACommon.h
Type: HFile

GATypes.h
Type: HFile

PIDcontroller.cpp
Type: CPP File

PIDcontroller.h
Type: HFile

PIDcontroller_typesh
Type: HFile

Figure 4. Code generated with GeneAuto

3. ARDUPILOT AND MODULE TO EMBED
NEW CONTROLLERS

ArduPilot is one of the popular framework
to create the firmware for an autonomous
unmanned vehicle. One of the most important
benefits of this framework comparing to others is
that it has a multilayer structure, as described in
figure figure 5. With this structure, this
framework can support multiple control boards.

Layer 4
Layer 3
Layer 1
Hardware Layer 0

Figure 5. Multilayer structure of ArduPilot

In Vietnam, this framework is also very
famous for developers, who have been familiar
with boards such as APM2.5 or APM2.6 and the
ground control station called Mission Planner.
However, this article will focus more about the
code and the modified to make this framework
become multi-controllers, which is useful for
users in the future.

The idea of this solution is simple, shown in
figure 6. By default, ArduPilot has an original
PID controller system, which control the rate of
change of the Euler angles. In other words, this

system handles the f, gandy by controlling
f& qg‘and y& PID control algorithm is used to
make the real values of the system become as
close as possible with the desired values. A new
module has been created and embedded into the
framework. The principle of the new add-in
module is that users can change the using
controller with just a single switch. By
minimizing the modification, this module can use
all of the advantages of the original code, for
example the multilayer structure and the
readiness for specific control boards, and still
made the ArduPilot become a multi-controller
framework.

As can be seen in this figure, if users choose
to use the original controller, which is the default
PID controller of ArduPilot mentioned above,
nothing will change and the calculation process
will be the same with the original code. However,
when users decide to use a new controller, the
calculating process will be changed and new
control outputs will be generated based on the
chosen control algorithm.

ot controller

Specific methods for
different controllers

User decision

Inputs: PID controller Qutputs:

PWM

New Altitude,

Controllers Roll
e IB controller control
general Pitch, _ s

commands Yaw

ero [

Figure 6. General idea of the new add-in module

4. ARDUPILOT AND CREATED MODULE
TO EMBED NEW CONTROLLERS

This article will focus on introducing two of
the control algorithms which have been
successfully  embedded into  ArduPilot
framework using the solution above.
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ArduCopter V2.9 STABILIZE Roll, Pitch & Yaw PID's
100 Hz Update Rate

Body Frame Controllers

Figure 7. ArduPilot original PID controller

These results not only confirm the
availability of the add-in module but also gives
the comparison required to get the pros and cons
of each controller with the quadrotor.

Unlike the original PID controls the rate of
change of the Euler angles f& qg‘and y& the new
PID controller in figure 3 calculates the angular
speed of motors based on the Euler angles
f,gandy . The differences between the two
control algorithms are small, however, by
changing from the rate of change into the Euler
angles, new PID controller reduces the amount of
calculation required. This conclusion can be
concluded according to the comparison between
figure 7 and figure 3 above. In fact, as mentioned,
both control algorithm has its benefits and
drawbacks, and from the results shown in part 4,
the original controller has better responses than
the new PID controller.

“Backstepping control is a recursive
algorithms that breaks down the controller into
steps and progressively stabilizes each system”
[2]. By adding an Integrator into the system to
increase its robustness, the controller will

become Integral Backstepping, which will not
only work well with the dynamic of a quadrotor
[5] but also make it is more stable with the
disturbances [2]. Figure 8 introduces the IB
controller used for a quadrotor.

With the definitions in equations (2), the
motion equations of the quadrotor in case using
the Integral Backstepping control algorithm will
become equation (3). In equations (2), the values
of ¢ and ) are the control constants of the control
algorithm; meanwhile, e is the error between the
desired values and the real Euler angles
respectively [6].

L Xd Yd Y

Figure 8. IB controller for a quadrotor
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By using MATLAB Simulink, the model of
the Integral Backstepping can be described as in
figure 9 and then embedded into the framework
of ArduPilot. Users can choose to use this
algorithm by using the new add-in module.

5. RESULTS  WITH NEW  PID
CONTROLLER IN SOFTWARE IN THE
LOOP SIMULATION (SITL)

Software In The Loop is a tool provided by
ArduPilot to developers, which can be used to
test new firmware and new modifications, in this
case a new module to embed new controllers.
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Unlike Hardware In The Loop (HITL), which
uses the virtual inputs with the real board to
experience the the response of the real Hardware
in some specific cases, SITL uses both virtual
environment and hardware. Table 1 gives a
simple comparison between two types of
simulation.

Table 1. HITL and SITL comparisons

SITL
- Testing the real behavior of a real | - Does mnot mneed a real
system in situations which cannot be | hardware.
done with real tests because of | -Saving more time and money

endanger. than HITL.
- The result is more reliable since it | - Can test many different
is the reaction of a real hardware. situations, some of which

- More safety as well as saving more | cannot be done in HITL.
time and money comparing to real | - Easier to implement.
system test.

- Can be done in early stage and with
separated components as well as a
whole system.

- In some situations, creating the | - The result is not as reliable as
virtual inputs is not simple, need to | HITL since it is just the
understand clearly about the testing | behavior of a virtual hardware.
environment. - Needs time to create as well
- For some systems, the real|as to validate the virtual
hardware is not only complicated to | hardware, — comparing its
acquire but also require a lot of | behavior with the real one.
space.

Using SITL with the same flight path, figure
10 and figure 11 introduces the results with the
original PID controller of ArduPilot and the new
PID controller.
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Figure 9. Integral Backstepping MATLAB Simulink model
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Figure 11. Tracking result with old PID (left) and new PID (right)
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Figure 12. Tracking result with old PID (right) and IB controller (left)

The tracking ability of the new PID
controller is as good as the old one (figure 10).
Although there are still some errors, the new PID
control algorithm still can drive the quadrotor
back to the desired flight path. Figure 11 gives a
more detail result. When comparing between the
desired Euler angles and the response ones, it can
be seen that the new PID controller results follow
really close with the desired values. It is not as
good as the old one, however it can be concluded
that the new PID is steady enough for a real test.

6. RESULTS WITH INTEGRAL
BACKSTEPPING IN SOFTWARE IN THE
LOOP SIMULATION (SITL)

Using the same flight path with the Integral
Backstepping, figure 12 and figure 13
demonstrate the results. Although the 1B
controller can trace the flight path well, there are
some fluctuations as can be seen in figure 13.
Nevertheless, as mentioned in the theory, IB
controller has high robustness, which make the
response of the system follow closely the desired
values. Figure 14 give a more detail look for this
conclusion.
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Figure 13. Pitch deired and response resutls with

original PID and IB

7. CONCLUSIONS

With the results above, it is clearly that
using the existence, open-source framework is
one of the best solution to testing new control
theory new modifications. With suitable changes,
for example creating new add-in modules for
necessary requirements, the modified firmware
can use both the ready-to use structure of the
original firmware and the benefits of the new
code.
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Figure 14. IB controller and new PID controller

PID control algorithm is one of the simplest
one to control a system. It is well implemented to
control various kind of system, one of them is the
quadrotor. However, it is obviously that this is

not the best solution and there are many other
controller which is promising and need to be
tested with the real things, not only by using the
Simulink models. IB controller is one of them,
which not only increases the robustness of the
quadrotor but also has a very good tracking
ability.

The result with the SITL simulation proves
that a modified firmware built by ArduPilot is
ready to test in real flight, which will give more
results, especially the real response of the control
board in real environment. By understanding the
pros and cons of each controller in specific
situation, a changeable controller, which is the
optimized controller, can be implemented for a
real quadrotor in the future.
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So sanh va danh gia kha nang diéu
khién may bay bon chong chéng véi cac
thuat todn khac nhau trén nén tang

ArduPIilot
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TOM TAT:

Trén If thuyét, méi thuat toén diéu khién
déu c6 nhitng wu va nhuwoc diém dic trung.
Trén thuc té, khd ndng diéu khién co hé con

phu thuéc vao nhiéu yéu té khac cia co hé
va hé théng diéu khién. Trong truong hop
nay, cach duy nhat dé xac dinh chinh xac
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phdn ¢ng cda mét hé diéu khién la the
nghiém trén hé théng thuc va danh gia két
qua. Dua trén viéc st dung mét hé thdng
phdc tap 1a may bay bén chong chéng, bai
bao nay trinh bay phwong phap dwa cac hé
diéu khién khac nhau vao ArduPilot. Mo
phdéng Software In The Loop da duoc st
dung dé thuc nghiém 3 thuat diéu khién khac
nhau: PID géc cda ArduPilot, PID tw phéat

trién va Integral Backstepping. Qua do,
ngoai viéc xac dinh khd néng cta hé diéu
khién, bai bao ciing néu |én maét vai két qua
buwéc dau véi cac hé diéu khién nay, xac
nhan lai Ii thuyét da biét cda cac thuat toan
nay, déng thoi la buéc quan trong dé xac 1ap
cac hé so diéu khién truée khi tién hanh bay
thuc.

Keyword: ArduPilot, thuét diéu khién quadrotor, PID, Integral Backstepping
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