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Abstract

The thesis presents a leader-follower control strategy for forming arbitrary formations
of multiple autonomous helicopters. A six-degree-of-freedom dynamic model is con-
sidered for the helicopters. Sliding Mode Control is employed due to its robustness
to the model uncertainties and perturbations. The first version of the controller pro-
duces four inputs, the main rotor thrust, the roll and pitch moments, and the tail
rotor thrust. In the second version of the controller, the rotors’ aerodynamic model
and the main rotor’s actuation mechanism model of the helicopter are incorporated in
the controller design, in which the rotor’s mechanism actuation commands are consid-
ered as the controller inputs. The controllers can successfully control an autonomous
helicopter such that it follows another helicopter with any specified spatial distance.
The controllers perform well even in the presence of unknown bounded external dis-
turbance, and are robust to norm bounded dynamic model parameter uncertainties.
Numerical examples and simulation results are given to illustrate the effectiveness

and robustness of the designed controllers.
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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

There is an increasing interest in autonomously controlling and stabilizing group formations of
Unmanned Air Vehicles (UAVs) in the past decade. Autonomous formations of UAVs can be
applied in situations and environments that are too hazardous for human interventions, or where
minimal human supervision is desired. These tasks may be also too repetitive, or even impossible
for human pilots. The military applications include border control, surveillance, synthetic aperture
imaging with cluster of micro-satellites, and intelligence collection. On the other hand, civilian
uses are forest fire monitoring and fighting, grid searching, inspection of pipelines, farm spraying,
and search and rescue. For fire prevention, the UAVs can focus on one spot while maintain the
formation. For the pipelines inspection, it does not need the layout information of the pipes.
Instead, the UAVs track the pipelines with a certain distance above them. It can significantly
improve the efficiency when it comes to the grid searching, farm spaying, and search and rescue.
Other advantages of autonomous formation control are that it does not involve the design and
building of full scale aircrafts to carry human operators, or the expensive training of the pilots.

Advances in computation capabilities, sensor technology, wireless communication, and
differential GPS have led the development of advanced control technologies for coordinating and
formatting multi-vehicle systems. As a result, it is possible to assemble small size, light, and
efficient micro-processor, sensor, and wireless network devices to the small UAVs. The
differential GPS system only has a degradation of just 0.22 m per 100 km [22], which is accurate
enough for the formation control even considering the small sizes of the agents in the formation.
Also, the research results in advanced controls and nonlinear dynamic modeling make it possible
for the distributed control over wireless networks, and the modeling of highly nonlinear dynamics
of light fixed-wing aircraft [24].

It is fundamental that in the formation flying, the UAVs are able to follow global
trajectories and maintain the group formation at the same time. The group of UAVs can be

considered as a mobile network system, which has the capabilities of agent-to-agent and
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1.2 Scope and Objectives 2

agent-to-ground communication, navigation, trajectory following, stabilization, and colli-
sion avoidance. The control system is capable of maintaining the dynamic system stable
and giving high system performance and robustness to uncertainty and disturbance.

In this work, efforts are emphasized on the autonomous formations control of helicopters.
The existing literature contains many methods in this area [4], [11], [3], [25], [33], [26], [6],
and [8]. However, cooperative control of helicopters still faces many theoretical and technical
challenges. The modeling of helicopter dynamics in the existing research results are usually
governed by a set of simplified and linearized differential equations. This type of model
sometimes is not accurate enough to represent the true dynamics of the helicopters. There
is no study about the direct control of positions of the servo motors on the helicopters in
the formation formatting. Furthermore, some parameters in the helicopter model inherits
uncertainties. The unknown factors, such as wind disturbance, are also increasing the

difficulty of achieving the control goal.

1.2 Scope and Objectives

This study emphasizes on a sliding control strategy for controlling a group of autonomous
helicopters in arbitrary formations. The small scaled electric helicopter Ikarus ECO is
employed for the convenience of system dynamics model. Formation control is to get a
group of robots into and maintain a certain formation. Trajectory tracking is a platform
based on which the formation control law is designed. Due to the uncertainties in the model
dynamics and the wind disturbance, Sliding Mode Control is employed due to its advantage
of dealing with the model uncertainties and perturbations. Global obstacle avoidance is
achieved by defining the trajectory of the leader in the group, which makes sure the group
as a whole does not collide. Local obstacle avoidance is not considered in this work.

First, a 6 DOF dynamic model of the helicopter is to be developed. Input-output
equations are to be derived from the position analysis, velocity analysis, and acceleration
analysis for the controller design. In this case, the controller produces four inputs, the
main rotor thrust, the roll and pitch moments, and the tail rotor thrust. The motors’
actuation mechanism of the helicopter is to be further investigated to be incorporated for
a new controller design, which is more related to the real helicopter model. The parameter
uncertainties in the dynamic model and wind disturbance are considered in the controller
design. Also, it is necessary to present the numerical examples and simulation results to
illustrate the effectiveness and robustness of the method.

Thus, the objective of this thesis is to first build a six DOF dynamic model and incor-
porate the rotors’ aerodynamic models and the actuation mechanism model, then to design
a control scheme that is robust in presence of the parameter uncertainties in the dynamic
model and wind disturbance. The control scheme, which can be categorized as a follow-
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1.3 Organization of Thesis 3

leader approach for formation control, is to be developed so that the spatial distance and
view angle of a helicopter with respect to a neighboring helicopter can be controlled and

stabilized. The controller outputs have to be consistent with the real helicopter system.

1.3 Organization of Thesis

The thesis is organized as follows: Relevant literature survey is reviewed in Chapter 2. The
dynamic model of a helicopter and the controller design are introduced and the simulation
results are given in Chapter 3. In Chapter 4, the results of a new controller design when
motors’ actuation mechanism is considered are presented and the corresponding simulation
results are shown. Chapter 5 is devoted to the hardware test for the helicopters servo

motors. Finally, the summary and future recommendations are given in Chapter 6.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Recent developments in robotics have been applied to deploy groups of ground robots for the
purposes such as surveillance and research. However, ground vehicles have the limitations
because of the ground conditions and the obstacles that cannot be avoided. Unmanned Air
Vehicle (UAV) systems can overcome these limitations to achieve their goals, to perform
certain actions, or to collect data and information. UAVs have not only become an impor-
tant part of military forces, but are considered for potential civilian applications, such as
bridge inspection, disaster monitoring, border patrol, rescuing, environmental information
collection. UAVs are also used for tasks that are too hazardous for manned aircrafts.
Coordination of multiple UAVs to perform such tasks remains a challenging area. Many
interesting results have been reported in both the formation control and trajectory tracking
control. Formation control is to get a group of robots into and maintain a certain formation.
Trajectory tracking is a platform based on which the formation control law is designed. In
this report, a review of the current Unmanned Air Vehicle systems is presented. Then, some
results in formation control and trajectory tracking control for UAVs are studied. Sliding
Mode Control (SMC) is employed in the controller design. Some brief introduction of SMC
is also presented in this chapter. Finally, a comparison of our work with the previous results

is discussed.

2.2 Unmanned Aerial Vehicles

Unmanned air vehicles are self-propelled air vehicles that are either remotely controlled or
are capable of conducting autonomous operations [1]. The first generation UAVs started
in the late 1970’s. The information can be found in [30]. Generally speaking, there are
three categories of UAVs: tactical, vertical takeoff and landing and endurance. Tactical
UAV systems (RQ-7 Shadow 200, for example) have been used for the applications such as

carrying day cameras or thermal imaging and infrared cameras, laser target designations,
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2.3 Trajectory Tracking Control 5

and communication functions. Vertical takeoff and landing UAVs have two categories:
helicopter types and transitional types. The transitional categories (the Bell Eagle Eyes)
have the ability of vertical lift like a helicopter with the speed of a turboprop airplane.
The endurance category (Global Hawk, produced by Northrop Grumman Corp) applies the
UAVs that can work for the duration from 12 to 72 hours and altitudes above 20,000 feet
(10].

The model that is to be used further in this project is a Maxi-Joker 2. It has a main
rotor diameter of 1.8 m and can lift a weight of 2 kg. A rotorspeed of 1200-1300 rpm can
be achieved. With a payload of 2 kg the all-up weight is about 8.0 kg. Equipped with a
10S3P-battery, a flight time up to 20 min can be reached, depending on the payload [20].
However, due to the unconducted system identification procedures, the simulation sets use

the parameters of the Ikarus ECO electric helicopter.

2.3 Trajectory Tracking Control

Trajectory tracking control is served as a platform based on which the formation control law
is designed. In many of mission scenarios UAV will be required to follow inertial reference
trajectories accurately in 3D space, such as landing at an airport, terrain following and air
combat maneuver. For common practice, the command given to an UAV may be flying from
an initial location through a number of way points and performs some predefined maneuver
when the final location is reached [31].

The approximate input-output linearization algorithm is applied in reference [17]. An
output (positions and heading) controller is designed to track the path. The approximate
input-output linearization designed in this work overcomes the limitation that the tradi-
tional input-output linearization is only valid for the minimum phase nonlinear system. The
traditional method in non-minimum phase system will lead to high gain in the controller.
In this work, the coupling between rolling (pitching) moments and the lateral (longitu-
dinal) accelerations is neglected, which results in an approximated system with dynamic
decoupling.

Mokhtari, M’Sirdi, Meghriche, and Belaidi [21] propose a control strategy including a
linear Luenberger observer, an adaptive estimator, and a feedback linearization controller
for a special kind of UAVs called quadrotor UAVs. First, a dynamic model of a quadrotor
helicopter is developed. Then, three parts of the control method are derived respectively.
The linear Luenberger observer is to reconstruct the non-available variables needed to make
sure the robustness of the control law. The adaptive estimator is to estimate the effect
of the external disturbances. As a result, this part reinforce the stability of the overall
system. The feedback linearization control law allows good covergence of estimated values

and satisfies tracking errors of desired trajectories with the existence of the disturbances.
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2.3 Trajectory Tracking Control 6

This strategy also helps reduce the number of sensors to be used.

In [2], the authors propose a controller architecture that combines adaptive feedforward
neural networks with feedback linearizaiton. The scheme is effective for both linear-in-the-
parameters networks and the single-hidden-layer perceptron neural networks. In this work,
the work has been done in the area of nonlinear, adaptive, and neural network flight controls
has been briefly reviewed. It’s noticed that artificial neural networks have the capability
to approximate continuous nonlinear functions, which makes it as an ideal candidate for
the adaptive control. Another advantage of the neural network over the traditional table
lookup method is that it decrease the time for the calculation. However, it’s also advised
that it’s difficult to incorporate the real helicopter model into the controller design in this
method.

Wang and Gao [31] propose a control system design strategy for UAV trajectory tracking
basing on the kinematics aircraft model. The control system includes three subsystems:
command generation, transformation, and allocation. The robustness to the disturbance,
such as wind and sensor noise, is enhanced by adopting a nonlinear disturbance observer.
This method overcomes the disadvantages of the likely saturation, stability problems, and
time-consuming problems from multi-loop hierarchical trajectory track control systems, and
the poor generality from the approach that all loops are designed simultaneously.

In [23], three control approaches for a constrained nonlinear tracking for a small fixed-
wing UAV have been examined. Instead of using twelve-state modeling, this work adapts a
six-state model, such as heading, air speed, and altitude command inputs. Three different
approaches based on the state dependent Riccati equation (SDRE), Sontag’s formula, and a
constrained control Lyapunov Function are compared graphically to show the disadvantages
and advantages under different scenarios. Another contribution of this work is applying the
well developed SDRE methodology and Sontag’s formula to the UAV trajectory tracking
problem.

In [19], the new image technologies and the advances in control have been combined
together to achieve desired trajectory tracking control of UAVs. The authors develop a
visual tracking control strategy for monitoring of structures and maintenance of bridges.
The predefined trajectory is defined by a series of prerecorded images. The homographies
are extracted using the current image, the corresponding desired image and a unique ref-
erence image. A parameter is then obtained by extracting the pose parameter from the
homographies. An adaptive update law to estimate this unknown parameter is presented.

In [15], the output regulation is employed to a UAV trajectory tracking problem. The
output regulation is also called servomechanism problem, where the reference trajectories
and the disturbance are generated by an autonomous differential equation. It has the
advantages of coping with uncertainties and dealing with a large class of complex system. It

is more efficient than solving nonlinear differential equations of the servomechanism control
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2.4 Formation Control 7

law.

In [3], multiple low-altitude and short-endurance UAVs are employed to monitor and
track the forrest fires. The information about the progress of the fire is essential for the
fire fighting and rescuing. Furthermore, the UAVs have more advantages than the ground
vehicles and fire fighters. The method provides effective UAV path planning algorithm using
infrared images that are collected onboard in real time. A EMBYR model is simulated for
the propagation of a forest fire and then is integrated into the Simulink for the simulation. A
new cooperative control mission concept is also addressed. The problems like coordination
of UAV paths to cover the most critical areas, when and which UAV should be taken down
for refueling, and how to measure the performance of the entire fleet of UAVs are considered
as well.

In [11], the authors introduce and implement the safety critical avionics for the Drag-
onFly UAVs. The server-client architecture of QNX Neutrino is used in the software archi-
tecture. The architecture is hierarchical and modular: it isolates user-defined applications
from underlying low-level system that services for implementing inter-process communica-
tion, data-acquisition, and associated hardware management. Also, a new run-time schedul-
ing algorithm to maximize the execution of tasks within a given deadline is employed. A
compact avionics package that includes flight computer, data acquisition system, commu-
nications system, and GPS receiver, is built. Results of the avionic in car tests are also
presented.

Formation control is to get a group of robots into and maintain a certain formation.
Trajectory tracking is a platform based on which the formation control law is designed. The
existing trajectory control methods do not apply for formation control problems. Formation

control shemes must be studied separately.

2.4 Formation Control

Over the past few years, research on the coordination of multiple UAVs to get into and
maintain a certain formation, such as rectangle or chain, has gained increasing interest.
UAVs are capable to fly in a certain formation in and out of restricted areas that are
considered too difficult or too dangerous for human pilots.

In [7], a controller for a two-aircraft formation is designed. It allows both trajectory
tracking and formation geometry keeping. First, the distributed Horse-Shoe Vortex tech-
nique is used to achieve the aerodynamic coupling effects modeling. Then, a control strategy
based on the behavior of migratory birds is proposed. Instead of the agents in the formation
refer to each other, they are required to keep a specified distance from an imaginary point
called Formation Geometry Center (FGC).

Formation control of two aircrafts using PID feedback is presented in [10]. The dynamics
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2.4 Formation Control 8

of the two aircrafts are linearly modeled and coupled due to the kinematic effects. Simple
aircraft models including Mach-, heading-, and altitude-hold autopilots in the inner loops are
used. Furthermore, additional aerodynamic coupling effects are introduced due to the close
formation. Finally, simulation results are presented for trajectory tracking and formation
keeping.

In (8], a control scheme that is suitable for tight UAVs formation maneuvers at high
Euler angles and moderately high angular rates flying is designed. A set of research UAVs
is designed, built and instrumented. The identification of linear and nonlinear aircraft
mathematical models from collected flight data is performed. The controller has the inner
loop and the outer loop. The innerloop controller design is to increase the feedback gain as
much as possible to achieve desirable disturbance attenuation along with desirable tracking
capabilities. The outerloop controller consists of a ‘vertical’ block and a ‘horizontal’ block.
The Robustness of the formation controller is assessed through a simulation study where
the adverse effect on the closed-loop stability and tracking performance caused by the
measurement noise and modeling error is evaluated. A two-aircraft testing result validates
the design.

Work [27] studies the invertibility of input-output formation maps and the design of a
robust nonlinear control system for a group of unmanned aerial vehicles. The inversion is
achieved by introducing a simplified wind coordinate system. Then, a variable structure
control law is obtained for the leader velocity, heading angle and flight path angle; variable
structure control laws are also designed for the follower’s trajectory tracking. These control
laws asymptotically track each aircraft while the leader track the predefined path. Only the
states and control input information from the preceding aircraft are needed for each follower.
The main contribution of this work is investigating the inversion of certain input-output
formation mapping.

In [18], the authors develop a fuzzy logic navigation method for close formation control of
multiple UAVs. This method does not have to use the timely and accurate measurements.
No communication link between two aircraft is needed to separate the follower from the
leader while maintaining certain formation. The linguistic terms of the fuzzy logic controller
output for trailing UAV are selected as the main parameters for optimization. The controller
is able to estimate sufficient lateral and longitudinal distance under the system uncertainties
and external bounded vortex disturbance.

Another interesting idea is presented in [28] where the authors design a feedback lin-
earizing nonlinear adaptive control system for a group of UAVs in close formation flight.
Backstepping design technique is employed for the adaptive control law. This work only
considers each UAV as a point mass, instead of dealing with the 6 DOFs model of the
aircrafts. This gives less accuracy, but simplifies the design of the formation flight control
system. The longitudinal and lateral control systems are derived separately. It is noticed
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2.4 Formation Control 9

that a decentralized control system is obtained from an overparameterization in the design
process. Furthermore, the stability of the zero-error dynamics is examined, which leads to
the stability of the closed-loop system.

In [33], the researchers build a hierarchical formation control system consisting two parts:
the lower layer has the off-the-shelf autopilots capable of trajectory generation in waypoint
mode or holding mode, and the higher layer has two nonlinear controllers that is integrated
with an extremum-seeking algorithm, which can seek the maximum induced lift for the
follower UAV. The higher layer does not need the information of the leader’s velocity or
acceleration. This control strategy is able to coordinate a group of UAVs to perform complex
navigation tasks with limited communication overhead. Finally, the simulation results are
presented to validate the performance of the controller design.

A different idea is pursued in [32], in which a formation controller that includes two
modes, the safe mode and the danger mode, is developed. The safe mode is when there
are no obstacles in the environment and the danger mode is when there is a possibility of
collision or there are expected obstacles in the path. The formation is kept in the safe mode
and broken in the danger mode. But the agents in the formation can rejoin each other when
the path is clear again. The control strategy contains a two layered hierarchical structure
in these two modes. A control structure with relative motion dynamics generates the path
for the UAVs in the safe mode and a decentralized algorithm using a modified Grossberg
Network for the danger mode.

In [9], the general model of the cooperation among UAVs is presented. Cooperation
is fundamental for any collaborative group activity for UAVs formation. It focuses on the
implicit sense of plan sharing where agents modify their plans considering other agents’
plans and on how agents team up to form a collaborative pattern to achieve their goals.
However, the work assumes that all agents are identical in every aspect. It is also assumed
that the agents possess identical capabilities and limitation. These assumptions limit the
scope of the work. Because the general model introduced here is not decentralized, use of
different agents is not possible.

The work [12] describes the approach for performing vision-based UAVs formation con-
trol with the obstacles. There is no information communication between aircrafts. Instead,
the passive 2-D vision information is employed to keep the formation. The controller esti-
mates the range from 2-D vision information by using Extended Kalman Filters. Another
alternative way is regulating the size of the image subtended by a leader aircraft on the
image plane. The situation that the image size is not reliable is also considered. In this case,
the bearing-only information is used. This is done by the design of a time-dependent for-
mation geometry. Furthermore, the robustness to the unknown leader aircraft acceleration
has been achieved by the Extended Kalman Filter with an adaptive neural network.

In the work of [5], a second/high order sliding mode formation controller consisting

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.4 Formation Control 10

three parts: tracking, placement, and anti-collision, is designed. The formation is obtained
using triangular patterns following an original expansion process. The leader can track the
predefined trajectory in the existence of the unknown bounded disturbances. The followers
are to initiate and keep the formation. The placement part makes sure that no immediate
lateral neighbors receives position commands in distance to the leader and the controller
is to achieve satisfied placement. The anti-collision part makes sure the immediate lateral
neighbors receive a set of safety distance from the neighbors. This strategy guarantees a
robust, continuous, and smooth control that is suitable for the autopilots.

In [4], stabilizing and maneuvering a formation of UAVs have been studied. A gener-
alized model predictive control algorithm is obtained that extends the existing theory that
considers velocity control of kinematic robots. The model for each agent is nonlinear and
constrained dynamics. The model predictive control is, in certain circumstance, the only
way for control of systems that are with constrained dynamics. The distributed and syn-
chronized model predictive control computes the effects of model errors between vehicles.
The controller allows that agents are stabilized to a set of permissible equilibria, rather than
a precise location for each vehicle in the formation.

Research efforts [6] are emphasized on the two-loop control approach to UAVs close-
formation flight. A standard decentralized linear quadratic regulator (LQR)-based control
structure is synthesized for each agent and for formation position error control using lin-
earized equations of motion and a lifting line model of the aircraft wake. Another con-
tribution of this work is that a formation management structure is defined, which is able
to handle with situations like aircraft loss, transmitter failure, and receiver failure. The
procedure is developed using a decentralized approach and relies on the Dijkstra algorithm.

Saber and Murray [25] propose a dynamic graph theoretic framework that enables mod-
eling the flocking of agents in presence of multiple obstacles. First, the spatially induced
graphs are used to define the nets and flocks, and framenets and energy of dynamics are
presented. Then, flocking without any obstacles is discussed. The notion of « net is intro-
duced and the flocking is achieved through dissipation of structural energy of a dynamic
a-net. Finally, the approach to flocking with multiple obstacle avoidance for a dynamic
a-net is summarized. However, the stability for this algorithm is not analyzed thoroughly.

In [34], emphasis is put on a hybrid structure to enable effective switching between
formation keeping modes and formation reconfiguration modes. The group is able to start
from the given initial configurations and reach the final configuration with the specified
time by minimizing a given cost function. In addition, it has to consider the facts that
there are certain inter- and intra- vehicles constraints. The problem is defined as Forma-
tion Reconfiguration Planning. The advantage of this approach is that on line formation
reconfiguration can be more efficiently achieved and all the computationally intensive tasks

involving optimizations are performed off-line. The assumption for this method is that all
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2.4 Formation Control 11

information is accessible, which is very difficult in actual flight.

It is noticed that more effort on formation control has been emphasized on the generic
fixed wing vehicles, the formation schemes are not truly 3-dimensional, dynamic model of
the vehicles is simplified, and the robust controller design for formation control has not be
considered. These shortcomings are to be addressed by considering helicopters specificly, by
defining 2-D formation control schemes, by using full dynamic model of the helicopter, and
by using robust sliding Mode Method. Furthermore, the method has to be decentralized.
As a result, use of different agents in the group is possible.

In our work, a control algorithm for forming an arbitrary formation of multiple au-
tonomous helicopters is studied. A leader-follower approach is presented to coordinate
multiple helicopters to accomplish a common objective. One contribution of our work is
that we consider a six DOFs dynamic model of the helicopter with the modeling of rotor’s
actuation mechanism in the controller design. Sliding mode control is successfully employed
due to its advantage of dealing with uncertainties and disturbances. The helicopter con-
trols its relative distance and orientation with respect to a neighbor helicopter (or called
its ‘leader’). The parameter uncertainties, model uncertainties, and perturbations are also

considered in the controller design.
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CHAPTER 3

CONTROLLER DESIGN WITH ROTORS’ FORCES AND MOMENTS AS
INPUTS

In this chapter, a sliding mode controller, with rotors’ thrusts and torques as outputs, is to be
designed. The controller can be used to form arbitrary formations of multiple autonomous
helicopters. A six-degree-of-freedom dynamic model needs first to be developed for the
helicopters. A leader-follower scheme is chosen. In this scheme, a virtual helicopter is
assumed as a group leader. The formation controller only needs to control the internal |
geometry of the formation, which is the 3D vectorial relative position of a helicopter with
respect to a neighboring helicopter.

The chapter outline is as follows: First, the dynamic model of a helicopter is presented.
Then, inputs and outputs of the controller are analyzed. Based on the kinematic analysis
(position analysis, velocity analysis, and acceleration analysis), the input-output equations
are derived. The sliding mode controller is designed. Finally, numerical examples and

simulation results are given to show the effectiveness and robustness of the controller.

3.1 Dynamic Model of a Helicopter

This section describes the dynamic model of a helicopter shown in Fig. 3.1. The equations
of motion for a helicopter are presented in a form that is useful for controller design. The

following control inputs are assumed:
e T: The main rotor thrust
e T7r: The tail rotor thrust
e My: The roll torque
e Mpy: The pitch torque

All the equations are written in the helicopter body frame, whose orientation is expressed
by three Euler (ZY X') angles, rotation 1 about z-axis, # about y-axis, and ¢ about z-axis.
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3.1 Dynamic Model of a Helicopter 13

{0}

Z

Figure 3.1: A 6 DOF dynamic model of a small helicopter with control inputs

z, y, and z are the body frame, with the origin at the helicopter’s central of gravity. z is
chosen to be downwards to comply with the aerospace engineering convention. 1, 8, and
¢ are the yaw, pitch and roll angels, respectively. The following matrix represents this

orientation:
Rip = e&e@x)0g(Ex)9 (3.1)
cosy —siny 0 cos O siné 1 0 0
= siny cosy O 0 1 0 0 cos¢ —sing
0 0 1 —sind 0 cosf 0 sing cos¢

Although this representation is singular at § = +Z, the helicopter is not expected to operate
in those orientations (pointing straight up or down). It is important to be able to write the
inertial angular velocity of the helicopter frame described in the local frame in terms of the
derivative of the Euler (ZY X) angles as:

1 0 —sind ¢
wp= |0 cos¢ cosfsing 6 (3:2)
0 —sing cosf@sing ¥

If [x1,yr1, 21] donates the inertial coordinates of the helicopter’s center of mass, three

translational equations of motion are:

‘%I fBz
m | 41 | =RiB | fay (3.3)
Zr B2
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3.1 Dynamic Model of a Helicopter 14

where fg = [fBz, fBy, [B-]T is the resultant force vector expressed in the body coordinates.

The three rotational equations of motion in body coordinate are:
Iwg +wp xIwp=7pm (3.4)

where I is the moment of inertia with regard to the body frame B.

I:ca: 0 I:cz
I=| 0 I, O (3.5)
_Iwz 0 Izz

and 7 = [TBz, TBy, 78.]7 is the resultant torque vector in body frame. Assume the state

variable vector as:
q=[931 yr z1 T yr Z1 ¢ 0 ¢ wpy wgy WBZ] (3.6)

The first order equations of motion are derived as follows. The kinematic translational

equations of motion are:

&y uy
yr | = | vr (3.7)
21 wy

The inertial frame force balance can be derived from Eq. (3.3):

0% fBz
m | o5 | =Rip| fBy (3.8)
Wy /B

According to Eq. (3.2), the kinematic relation for Euler angles and angular velocity is as

follows: )
¢ 1 singtanf cos¢gtand WBz
9 | =10 cosg —sin¢ WBy (3.9
¢ 0 singsecd cos¢sect WB
WBz TBx
wpy | =TY| 78y | —wp xIwg} (3.10)
WBz TBz
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3.2 Proposed Formation Control Scheme 15

The forces acting on the helicopter are:

~D, 0
fp=| -D,—Tr | +Rig| 0 (3.11)
-D,-T mg
My
5= | My+Tl, (3.12)
My +1m

where D,, Dy, and D, are the drag forces. My, My, and My are the roll, pitch, and yaw
moments generated by the rotors, respectively. 7, is the motor torque. If the center of
gravity is towards the front with respect to the rotor axis, {, is positive. 7,, is a function
of T: 7, = —knT. A negative 7, indicates that the rotor is rotating about the positive
% direction so that the reaction torque on the helicopter is about the negative 2 axis.
Substituting Eq. (3.11) into Eq. (3.8) results in:

Uy 1 0 . —Dy 0
v | = ER[B =Tr | + ER[B —Dy + 10 (3.13)
wy =T -D, g

Substituting Eq. (3.12) into Eq. (3.10) and assuming I, = 0:

WBz Md)/Iza:
Wpy | = | (My+TL)/I, |-T"wpxIwg} (3.14)
WBz (Trly — ke T) /1,

3.2 Proposed Formation Control Scheme

Formation control is to coordinate the behavior of multiple robots, aircraft, spacecraft,
underwater vessels, and surface vehicles. The most fundamental goal of all these applications
is to coordinate multiple agents to accomplish a common objective. In this work, the bulk
motion of the whole group of helicopters can be determined by common trajectory planning.
A virtual helicopter is assumed as a group leader, who adapts the bulk motion of the group
as its desired trajectory. Any helicopter in the group follows either the virtual leader or
their neighboring helicopter. As a result, the formation control is now equal to the control
of the internal geometry of the formation, which is defined based on the relative position of
neighboring helicopters. A control scheme, called [ — a (Fig. 3.2), is developed in this work
that controls the 3D vectorial relative position of a helicopter with respect to a neighboring

helicopter.
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3.2 Proposed Formation Control Scheme 16

Formation reference
point

Figure 3.2: General formation control configuration

First, a reasonable formation scheme for | — « should be defined. Things to note are:

1. The helicopters are separated by a vectorial distance 115 + z12 between the centre of
the mass of the leader and an arbitrary control point, p, on follower helicopter. The
arbitrary point has a fixed distance d with the centre of mass along the negative z
direction of the body frame {2}.

2. If the control point is chosen from some point in the local frame of the follower (for
example, the CG of the follower helicopter) instead of p, roll and pitch motions of the
follower will not affect the controller outputs. Then the controller will be blind to the

roll and pitch disturbances, which will be disastrous.

3. The control point is chosen somewhere on the local frame z-axis. This choice makes

the yaw dynamics of the helicopter decoupled from the other degree-of-freedom.

4. The control point must be on the negative local z-axis. This makes more sense phys-
ically. If the leader goes forward the follower has to go forward. To go forward the
follower has to gain a negative pitch. This helps the control point catch up with the
leader faster. The same argument can be made for the roll angle and lateral motion.

The 112 vector is chosen to be in the leader’s x — y plane and the z; vector to be always
perpendicular to the 1j2 vector (or leader’s  —y plane). These ensure that the 3D formation

will be kept as a solid structure, and simplify the derivation of the input-output relations.

3.2.1 Input-Output Analysis

The formation parameters that define the formation internal geometry are l13, ais, 219, and
2. These are also the controller outputs. The control inputs are T', T, My, and My. The

input-output equations are needed for the sliding mode controller design.
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{ eader

Figure 3.3: | — o control configuration

3.2.2 Kinematic Analysis

Position Analysis. It is necessary to do the kinematic analysis in order to find the errors
and input/output equations. They are very important in order to find the control law of
the | — @ scheme. Furthermore, 19, a1, 212 are solved in the position analysis.

The moving body frames of both the leader and the follower helicopters are considered
(Fig. 3.3). Two points, point p;, attached to frame {1} , and point pa, attached to frame
{2} are assumed. In frame {1} , the position vector of the control point p expressed in the

local frame of the leader is as follows:
P}Sl/)l = l19 cos apoly + l1gsin agjy + 219k (3.15)

In frame {2} , the position vector of the control point p relative to the origin of the local

frame of the follower is defined as follows:

2 ~
P, = —dky (3.16)

The position vectors of the leader and follower expressed in the inertial frame are described

separately as follows:

P = zid; + yij1 + 21k (3.17)
Péo) = zoi1 + ijl + z9k;

All the vectors will be expressed in frame {1} for simplicity of formulations. The transfor-
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3.2 Proposed Formation Control Scheme 18

mation matrix that transforms frame {1} into the inertial frame {0} is:

cpy ey — sy chpy + cpy sy spr sy sPy + ey 8Oy chy
Roi = | s¢1 ¢ cypr chr + sby 61 51 — cpyp séy + sy 801 ¢y (3.18)
— 891 091 Sd)l C91 C¢1

where s =sin and c¢ = cos; 91, 01, and ¢, are the yaw, pitch, and roll rotational degrees of
freedom of helicopter 1. These Euler angles define the orientation of the body frame with
respect to the inertial frame. Similarly, Roz will consist of ¢, 85, and ¢2. Then, the inertial

position of the origin of frames 1 and 2 can be written as:

p{) = RZp{¥ (3.19)
p{" = R PY

From the configuration (I — @) shown in the figure:

1 ) pll (1
PV +P() =P + PV (3.20)

Since the position of the leader, Pgl), and the position of the follower, sz) are assumed to

be known from on-board sensors, all terms in Eq. (3.20) are at hand except P! /)2

P\, = RGP (3.21)
@ _ )
P, =RPY), (3.22)
or
2
P = ReoP) (3.23)
Combining Eq. (3.22) and Eq. (3.23) results in:
1) 2
P{) = RERpP(), (3.24)
Therefore, Eq. (3.20) becomes:
Pl =RL(PY - PO) + RERnPY), (3.25)
where P%), = [0,0, .

As long as position and orientation of {1} and {2}, i.e. [a:l, yl, 21,1, 01, ¢1] and [x9, Y2, 22,2, 02, P2,
are known from the on-board sensors, the components of P = [Pp/12) Pr/1y, B /1z]T can
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3.2 Proposed Formation Control Scheme 19

be calculated. From Eq. (3.15), the following can be obtained:

he = [ Popa + Popy (3.26)
P
a1z = arctan (ﬂ) (3.27)
Pota
212 = Pp/lz (328)

Note that these three formation parameters will be the controller output. %2, the yaw
angle of the helicopter, will be the fourth output. Defining the desired values for l12, a2,

219 and s is straightforward, since they come from the geometry of the desired formation.

Velocity analysis. Velocity analysis is undertaken in this section. Through the velocity
analysis, the expressions of ilg, G192, and 219 can be derived, which is going to be used in
the controller design.

Consider the control point p attached to the follower helicopter, the velocity of point p

can be related to the velocity of the leader as follows:
PI(’l) = Vgl) + (112 + ilz) + wgl) X (112 -+ Zlg) (3.29)

On the other hand, the velocity of point p in terms of the velocity of the follower’s center

of mass can be written as:
PO = v 4wl x df? (3.30)

First 151(,2) must be written in frame 1. We have:

P? = RL,PY (3.31)
P = RT P (3.32)

Combining Eq. (3.31) and Eq. (3.32) leads to:

P{) = R RopP(? (3.33)
Also,
v =rLVO (3.34)
and
v = RLVY (3.35)
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Now, combining Eq. (3.34) and Eq. (3.29) results in:
PZ(,I) = ROTlVgo) + (lig + 212) + wi” x (li2 + 212) (3.36)
And combining Eq. (3.30), Eq. (3.33) and Eq. (3.35) gives:
B0 R Ro(REVE +wf? x o) o
Now, we can combine Eq. (3.36) and Eq. (3.37) to solve for 1;5 and 21
(e + 212) = RL(VY = V) + RE Roa(w) x d§?) — wiV x (2 + 212) (3.38)

All the terms on the righthand side of Eq. (3.38) is known, so the unknown terms in the

lefthand side of Eq. (3.38), [12 612 and 312 can be calculated. The RHS is assumed as P;l/)l
(1
or Vp i .
ligcos arg — lipdyz sinago Vo/1z
l19sin g + liadigcosage | = V;,/ly (3.39)
213 Vo2
from which we can find:
j12 = V;,/lx cos a9 + V;)/ly sin ago (3.40)

Qg = (V;,/ly cosaqz — V15 sin ai12)/li2

Z12 = V12

Acceleration analysis. The derivation of the input-output description for the control
system needs the information about the acceleration of lio and Z1o. They are obtained by
relating the absolute acceleration of the control point p attached to the follower and the
absolute acceleration of the centre of mass of helicopter 2. Consider two coincident points,
pl and p2, at the instantaneous location of the control point p. It’s assumed that point p;
is attached to frame 1 and point p; is attached to frame 2. a,(gl) and a,(,2) are the acceleration
of the point p expressed in frame 1 and 2.

The acceleration of point p can be related to the acceleration of the leader as follows:

a;(al) = a§1) + (12 + #12) + 2w§1) x (l12 + z12) (3.41)
-+ d)gl) X (112 + le) + wgl) X (wgl) X (112 -+ 212))

On the other hand, the acceleration of point p in terms of the acceleration of the follower’s
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center of mass can be written as:
a® = o 4 6@ x 4P 1 w® x (W x d?) (3.42)

Equating Eq. (3.41) and Eq. (3.42) yields:

alV = Rf;al) (3.43)
al? = RE,al) (3.44)

Equating Eq. (3.43) and Eq. (3.44) gives:

al’) = R Rora® (3.45)

Also:
al) = R%a{" (3.46)
ag ) = ROTZagO) (3.47)

Now, combining Eq. (3.41) and Eq. (3.46) results in:

a;S,l) = RTlag ) (112 +Z12) + 2w§1) X (112 + Z12) (3.48)
+ o x (g +212) + @iV x (W x (Liz + 212))
Combining Eq. (3.42), Eq. (3.45) and Eq. (3.47) leads to:
all) = RE R (RGaY + of? x dP + w x (W x aP)) (3.49)

Solving Eq. (3.48) and Eq. (3.49) for the vector I;5 + %19 gives:

f12+ %= REal” + RERo(wf” x df + ) x (W x af?)) (3.50)
RTlago) gl) X (112 + 212) — d)gl) X (112 + Z12)

—wﬁl) X w(ll) x (lig2 + z12)

Eq. (3.50) must be solved for le, &9, and Zjo. To simplify the solution procedure, the
righthand side of the Eq. (3.50) is written in the following form:

cos al2 —l12 sin 12 0 i'lg —2i12d12 sin 12 — llgdelg COS (¥12
112 +Z1o= | sinal2 ljgcosajp O are | + 2196119 COS a9 + 1199 sin oo
0 0 1 Z12 0
(3.51)
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or equivalently:
lig + #12 = AqZ1 + By (3.52)

3.2.3 Input-output Equations

To find a controller law that determines the inputs [T, Mg, My, Tr]T based on the errors
in the outputs, the input-output description of the control system is required. Eq. (3.50)
contains the output derivatives. It also contains the acceleration of the follower 2. Note
that the dynamic equations, Eq. (3.13) and Eq. (3.14), also relate wy and &g to the inputs.
If the accelerations of the follower in Eq. (3.50) are substituted for from Eq. (3.13) and
Eq. (3.14), the input-output relations are obtained. The details are as follow: Rearranging
Eq. (3.13) results in:

uI 1 M, 1 —D- 0
0 . 0
ag): 1?1 =ER02bO M, +ERO2 -D, |+]0 (3.53)
wr T _Dz g
T
where
0 0 0
by = 0 0 0 -1 (3.54)
-1 0 0 O
al” = Ciu+ Dy (3.55)
where
1
C; = ERggbo (3.56)
and
-D, 0
1
D; = _n—v,_Rm ~Dy | +10 (3.57)
“Dz g

In Eq. (3.14), it is assumed that I, is negligible. Now, Eq. (3.14) can be rearranged. It is

repeated here for convenience.

My /Iy
O = | (Mp+Th)/Ly | —T7(w§” x 1wf?) (3.58)
(TTlT - KmT)/Izz
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In Eq. (3.50), w (2) d( ) appears (d( ) = = [0,0,—d5]T). This term can be calculated as:

—dy (Mo + Tlr)/Iyy
WP x dP) = doMy/ I ~ T w? x Twf?) x aP (3.59)
0
W x dP = Cou+ Dy (3.60)

where

~dal, 0 —dy/ I,

C, = 0 dy/Is 0 0 (3.61)
0 0 0 0
Dy = —[I(w? x L) x dP

Eq. (3.50) is combined with Eq. (3.57) and Eq. (3.60), which gives:

Alzl +B; = R&Clu + RglROQCQU + RglRong (3.62)
+ RERpw x (S x aP)) + REDy
T . (0) (1)

- ROlal —2wi” x (Iy3 + 219)
- wl X (112 + Z12) - wgl) X (wgl) X (112 + Z12))

Z1 = A7Y(RE C1 + RERCo)u + 11 + g3 (3.63)
or
z1 = f; + bju (3.64)
where
fi = AT'RERo(w? x (@ x diY))] - RFaf” (3.65)

- ng X (112 + Z12) - wgl) X (112 + 212)

W x (@1 x (g + 212)) — By + R RpaDs + ATY(RE D)
b1 = AT'(R{;Ci+ R{ReCo)

Eq. (3.65) contains only three components of the output (ljg, a2, and z12). The last
component 13 should be added using the kinematics described in Eq. (3.9). The third
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component of Eq. (3.9) is given again:
¥ = (sin ¢ sec @)wpy + (cos psecO)wp, (3.66)
The time derivative of the above equation is:

Y = (¢cosgsech + 0 sinbsechtan H)wéfl) (3.67)
+ (—¢singsecd + 6 cosd sech tan 0)w$)
+ sinésecO(My+ T1,)/ Iy + cosOsectd(Trl, — knT)/ 1)
+ (sin ¢secB)ay + (cos psech)as

Note that the subscript 2 is dropped from Eq. (3.67) for simplicity. Eq. (3.67) can be written

in the standard form:

$2 = fo+ bou (3.68)
where
T
M
u=| ¢ (3.69)
Mo
Tr
f2 = (écosqﬁsec@ + @ sinfsechtan G)wégzl) (3.70)

+ (—¢singsectd + 6 cosfsech tan G)wg)
+ (sin¢secf)ag + (cos psect)as

__ | sinfsecfl, _ cos@secbdk sin¢sectheta  cos#sech
by = | snfectly _ cosOyecthy  singsge focc0 | (3.71)

Equation ( 3.68) and Eq. ( 3.64) must be combined to have the full input-output equations.

lo T
y f b M,
M ¢ (3.72)
Z12 My
¢2 f2 by Tr
or
z=f+bu (3.73)
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3.2.4 Sliding Mode Controller Design

In the previous section, the input-output equations were found through kinematic analysis.
A feedback control law for controlling inputs [T, My, Mp, Tr)T is to be determined to control
helicopter 2 such that the desired distance l‘li2, view angle a‘f2, and height offset zf2, all of
which are defined in frame 1, are maintained. Meanwhile, the yaw angle of helicopter 2, ¢g,
follows a desired trajectory.

The sliding mode control method is employed in the controller design process. Sliding
mode control method is a model based control strategy. Assume some parameter uncertainty
exist.

The input-output equation with the nominal parameters is written:

#=1f+bu (3.74)

It is first assumed that the actual input-output model with uncertain parameters and dis-

turbance as:
z=f+bu+w (3.75)

Four first order surfaces are defined as:

S1 (112 — ltli2) + )\1(I12 - lilZ)
o — G4) 4\ —af
I oiliz) +Az(as 0;12) (3.76)
s3 (212 — 255) + A3(z12 — 285)
54 (1o — ) + Ma(2h12 — ¥)

For simplicity in notations, the following is defined:
s=1z—s, (3.77)

where
s, = 2% — Az — z%) (3.78)

and A = diag(A1 A2 A3 Ag), A; > 0. The following control law stabilizes the outputs:

u=b"1(—f+s —k- sat(%)) (3.79)
where
z, |z[<1
sat(z) = (3.80)
1, |z|>1

where k = diag[kl,kg,kg,k4]T and s/A = [s1/61,52/82,583/03,54/64]7. 61 to 84 are the
boundary layers of the surfaces, and k; to k4 are the controller’s nonlinearity gains.
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The boundary layers prevent the chatter of the trajectory about the surface at the
cost of slower surface approach. If k is large enough, the controller will work despite
parameter uncertainty. The following bounds are assumed for the parameter uncertainties

and disturbances in order to determine the controller nonlinearity gains:

If—f|<F (3.81)

w| <W (3.82)

b=(I+¢)b (3.83)

S| <Ay i,j=1.4 (3.84)
7 3

Based on these bounds, the nonlinearity gains can be determined such that the reaching

conditions
S; 5:,' S ~ni|si| U 2 0 1=1.4 (385)

are satisfied, where n; > 0 determines the reaching speed. This is done by substituting the
first order derivative of components of Eq. (3.72) in Eq. (3.85) and using Eq. (3.75) and
Eq. (3.79) in the results. After some algebraic manipulation, rearranging in terms of k; to

k4, and applying inequalities (3.81) to (3.84), the following condition can be obtained [29]:

4 4
(1—Ay)k; + ZAijkj =F+W,+n+ ZAU] — fj + Srj| (3.86)
i j=i
When k;’s satisfy Eq. (3.86), it is guaranteed that the outputs reach the surfaces despite the
existence of parameter uncertainties and disturbances defined Equations. (3.81) to (3.84).
After the outputs are on their corresponding surfaces, s; to s4 are zero. Therefore, the

outputs slide on the surface to their desired values as in observed from Eq. (3.76).

3.3 Simulations

Numerical simulations show the effectiveness of the controller design. In the simulations, A;
are selected to be 1. A; can be any positive number. The value of 1 for all A; proves to give a
fast converge of the simulations. The boundary layers 61 3=1.0 m/s, d24 = Frad/s are used.
These boundary layers minimize the chatter about the surface. The numerical values of the
nominal dynamic parameters of the helicopters are corresponding to the Ikarus ECO small

electric helicopter, which has been determined by experimental parameter identification
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[16]:

M =136kg Iz =0.137 kgm? (3.87)
Iy =0221 kgm? I, = 0.0323 kgm?

A

[, =01m [;=0635m d=10m

3.3.1 Taking Off

The first simulation set is to simulate the motion of the follower when the leader helicopter
is taking off. The initial positions for the leader and follower are (0,0,0) m and (0, 15,0)
m, respectively. The leader has no motion in either z-axis or y-axis direction. It only has
an upward speed of -1m/s (the positive direction is defined downwards) in the z direction.
The follower receives a command to follow the leader in the way that the lateral distance
is I$, = 10 m, the view angle is o, = 7/2 rad, the vertical distance is 2§, = —1 m, and
a yaw angle is /¢ = 0 rad. Figures. 3.4 to 3.5 show the states of the follower. As seen in
Fig. 3.4(a), the z component of the helicopter is constant. The y component is initially 15
m, however, it approaches the the desired value of 10 m. The z component is increasing
with the leader’s. For the velocities, the z component is zero; the y and z components have
some fluctuations at the beginning, but go to zero at around 10 seconds and 5 seconds,
respectively. The roll component of the Euler angles ¢ undertakes some fluctuations, then
converges to zero. Both the pitch 8 and yaw ¢ components are zero. For the angular
velocities, the y component and the z components are around 0 rad/s; the  component has
some fluctuations at the beginning, but moves around 0.03 rad/s afterwards. Figures. 3.6(a)
to 3.6(b) show the formation parameters and control forces. It can been seen that /15 begins
at 15 m, but approaches the desired value of 10 m as specified in the simulation; a9 is 7/2
rad; 212 goes to -1 m as desired after around 10 seconds; and 5 is constantly 0. The control
forces are: 14.4 N for the main rotor thrust, 0 Nm for the tail rotor thrust, -1.43 Nm for the
roll torque, and 0.4 N for the pitch torque when the helicopter converges a stable state. As
can be seen in the simulation results that the effectiveness of the new controller has been
verified. From the 3D drawing of the two helicopters’ trajectories (Figures. 3.7), it is noticed
that the follower does follow the leader’s taking off perfectly. The controller displays good

time response while the control inputs are not too large and physically achievable.

3.3.2 Sinusoidal Wave Movement

This part is to simulate the motion of the follower when the leader is moving on a sinusoidal
path in the  — y plane. For the leader helicopter, the initial position is (0,0,0) m. The
leader has a constant velocity in the z-axis direction, while its velocity in the y-axis direction

is 1 x sin(t + m/2) m/s. The leader has no motion in the z-axis direction. The follower
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Figure 3.4: The states of the follower when the leader is taking off. (a) Position, and (b)
Velocities.
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Figure 3.5: The states of the follower when the leader is taking off. (a) Euler angles, and
(b) Angular velocities.
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Figure 3.6: (a) Formation parameters, (b) Control forces of the controller when the leader

is taking off.
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Follower

z(m)

y(m)

X (m)

Figure 3.7: Trajectories of both helicopters when the leader is taking off.

starts at (0, 15,0) m and receives a command to follow the leader in the way that the lateral
distance is I¢, = 10 m, the view angle is af, = 7/2 rad, a vertical distance is 2§, = ~1
m, and a yaw angle is '(,bg = 0 rad. Figures. 3.8 to 3.9 show the states of the follower. As
seen in Fig. 3.8(a), the z component of the helicopter is increasing with the leader’s. The y
component is following the leader’s sinusoidal lateral motion. The z component has a small
fluctuation around 0 m. For the velocities, the 2 component initially has some fluctuation,
however, it approaches to 1 m/s within 10 seconds; the y component is a sinusoidal wave;
and z component has some fluctuations at the beginning, but goes to zero faster than the
x component. The roll component of the FEuler angles ¢ undertakes a sinusoidal change.
the pitch component of the Euler angles # has some fluctuations at the beginning, but
goes to around -0.075 rad at around 10 seconds. The yaw components of the Euler angles
¥ is zero. For the angular velocities, the y component and the z components have some
fluctuations at the beginning, but moving around 0 rad/s afterwards; the z component has
sinusoidal lateral motion. Figures. 3.10(a) and 3.10(b) show the formation parameters and
control forces. It can been seen that /19 begins at 15 m, but approaches the desired 10 m
as specified at the beginning; aq2 is 7/2 rad; z12 goes to -1 m as desired after around 10
seconds; and 9 is constantly 0. The control forces are: 13.4 N for the main rotor thrust,
around 13 Nm for the tail rotor thrust, -1.34 Nm for the roll torque, and 0.37 N for the pitch
torque when the helicopter converts a stable state. From the 3D plot of the two helicopters’
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trajectories (Figures. 3.11), it is noticed that the follower does follow the leader’s sinusoidal

motion perfectly. Furthermore, the controller displays good time response.

3.3.3 Circular Movement

This simulation set is to simulate the motion of the follower when the leader is moving on a
circular path in the z — y plane. In this case, the initial position of the leader is (10,0, —4)
m. The leader moves in a counterclockwise circle with radius of 10 m in the z — y plane
at the height of 4 m and the linear velocity is 1 m/s. Both helicopters’ yaw angles start at
7/2 and the yaw angle rate of leader is 0.1 rad/s, which means the helicopters do not face
the same direction as defined in the initial condition while moving on a circle. They rotate
such that their local z-axis is always tangent to the circle of motion. The initial position
of the follower is (8,0,0) m. The follower receives a command to follow the leader in the
way that the lateral distance is [$, = 10 m, the view angle is afy = 7/2 rad, a vertical
distance is zf2 = —1 m, and the yaw angle rate is 0.1 rad/s. Figures 3.12 and 3.13 show
the states of the follower. As seen in Fig. 3.12(a), the z component of the helicopter and
the y component present sinusoidal shapes as desired because of the circular path. The
z component reaches -4 m, e.g. the same height as the leader. For the velocities, the =
component and the y component initially have some fluctuations, however, they approach
to sinusoidal movements in 5 seconds; z component goes to zero. The roll component
of the Euler angles ¢ undertakes a sinusoidal change. The pitch component of the Euler
angles 6 has some fluctuations at the beginning, but moving around 0 rad afterwards. The
yaw component of the Euler angles v is around 1.16 rad. For the angular velocities, the
x component and the y component have some fluctuations at the beginning, but moving
around O rad/s afterwards; z component is around 0.1 rad/s. Figures. 3.14(a) and 3.14(b)
show the formation parameters and control forces. It can been seen that l12 begins at 2 m,
and approaches the desired 7.5 m as specified in the simulation; ajy is 7/2 rad; z12 goes
to -1 m as desired; and 2 is around 1.15 rad. The control forces are: 13.32 N for the
main rotor thrust, and 0.3754 N for the tail rotor thrust; 0 Nm for the roll torque, and
-1.33 Nm after some initial fluctuations for the pitch torque when the helicopter converts
a stable state. From the 3D plot of the two helicopters’ trajectories (Figures. 3.15), it is
noticed that the follower does follow the leader’s circular path perfectly. Furthermore, the

controller displays good time response.
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Figure 3.8: The states of the follower when the leader is moving on a sinusoidal path. (a)

Position, and (b) Velocities
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Figure 3.9: The states of the follower when the leader is moving on a sinusoidal path. (a)
Euler angles, and (b) Angular velocities
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Figure 3.10: (a) Formation parameters, (b) Control forces of the controller when the leader
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Figure 3.11: Trajectories of both helicopters when the leader is moving on a sinusoidal path
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Figure 3.14: (a) Formation parameters, (b) Control forces of the controller when the leader
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Figure 3.15: Trajectories of both helicopters when the leader moves on a circular path

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40



CHAPTER 4

CONTROLLER DESIGN WITH ROTOR’S ACTUATION COMMANDS AS
INPUTS

In previous chapter, a sliding mode controller with forces and moments (T, T, My, and
Mpy) as outputs was developed. However, in a real helicopter system, the actuation is the
positions of the servo motors that drive the rotors’ control mechanism. The changes of
these positions create the collective and cyclic pitches of the main and the tail rotors, via
changing the position of the swashplate. Then, the collective and cyclic pitches of the rotor
blades generate the actuation forces and moments. As a result, capability to calculate the
appropriate servo motors’ positions as the control inputs must be achieved to design an
applicable controller.

Since the flapping of the flybar improves the stability of the helicopter and affects the
actuation, it is important to include its model with the rotor’s actuation model and to
consider the flybar effect in the controller design. In this chapter, the swashplate’s cyclic
roll and pitch actuation commands and the pitch angles of the main and the tail blades are

assumed as the outputs of the controller.

4.1 Rotor’s Actuation mechanism Model

Flybar is an aerodynamic damping device that is a fundamental stability augmentation for
the modern helicopters. Due to the complex nature of flying a small scale helicopter via
remote control, assisting the pilot in stabilizing the aircraft is desirable [14]. This section is
to model the flybar with the main rotor blade and the fuselage movement. An assumption
through the derivation is that the rotor system does not apply reaction forces back to the
actuators (including the flybar). This is a reasonable assumption since the airfoil of main
blades is symmetric and the blades are hinged along the center of lift. Ideally, the moment
required to rotate the blade at this point should be very small [16].

The structure of the model helicopter’s rotor-flybar assembly is shown in Fig. 4.1 [16].

The blade pitch can be changed directly from the cyclic servo actuator by the movement
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Figure 4.1: The structure of the mode helicopter’s rotor-flybar assembly.

of the Bell input (as shown in Fig. 4.1). The response with respect to this arm is fast, but
lacks stability. At the same time, the pitch of the flybar can be changed through the Hiller
input (as shown in Fig. 4.1). This leads to the flapping of the flybar, which further leads
to the change of the main blade pitch. The pilot’s cyclic control input d¢ and d4 are the
displacements of the lower swashplate as per Fig. 4.1. There is direct relationship between
the cyclic input applied to the main blades dcy. (which is a function of §y and d4) and the
cyclic angle of the rotor blades ... A similar relationship exists between the cyclic input
applied to the flybar d;,, and the flapping angle of the flybar § [16]. The orientation of the
main blade with respect to the z axis of the helicopter body frame is given by £.

The following control inputs are assumed:

o 0,: The collective pitch of the rotor blades, which can be actuated by application of
equal d4 and dg

e 64 and Jg: the pitch and roll commands that vary the the rotor blades’ cyclic pitch

0cyc around every cycle of rotation, therefore create the pitch and roll moments
e 0y: The collective pitch of the tail rotor blades

In the mechanism, the inputs are [0,, 84,89, 04]7 and the output are [T, My, My, Tr]T.
Internal variables include the rotor orientation £ and the flybar flapping angle 8. n and
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B are the number of the blades and the constant loss factor, respectively. The loss factor
takes into account the fact that a finite length airfoil would lose some of the lift generated
due to the wing tip vortex effect [13]. It has the equal effect that the length of blade is
reduced by a factor of B, which is around 0.97.

The following equation holds [16]:

T = -’%acmR?’Q?(B?Boo - B;A) (4.1)
where a is the blades’ correction factor for velocity, ¢ is the widths of the main blades, p is
density of the air, R is the radius of the main blades, €2 is the angular velocity of the main
blades, A is the inflow ratio, which can be written as follow [16]:

b
a (4.2)

v — v
RO

is the component of the helicopter velocity in the z direction of the helicopter’s

A=

b
q3

body coordinate, v; is the velocity of the air through the rotor blade. v; is to be determined

where v

empirically and is between 0.6 to 0.9 times ”23' Here, for simplicity, A is considered as O.
For the tail rotor, relationship between the pilot input and the force output can be

expressed [16]:
n B3
Tr = §ach’/T(RT13 — RTQS)QT2'—3—6¢ (4.3)

where cr, Rr1 — Rpa, Sl are the width, the length and the angular velocity of the tail
rotor, respectively.

The relationships between the roll moment My and the roll cyclic pitch command dg4,
and between the pitch moment My and the pitch cyclic pitch command dy ) are as follow

[16]:
M, = npQ2acR*B* (o (L3L35 — LoLaB) — aalilo+ L )me (4.4)
<i’_16L1(L2+L3) 3 Lo ¢ 24 Qatala Y70 '
npQ2acR*B* L3Lg wp
My = — — By )
0 16L1(L2+L3)(a3( I, d¢ — LaLy4f8) — aaL1 Lo + L3) Q (4.5)

where wp, and wp, are the inertial angular velocities of the helicopter in the z and y
directions expressed in the body frame, and Li, Lo, L3, L4, Ls, Lg, L7, Lg, and Lg are the
corresponding lengths of the linkages in the rotor’s actuation mechanics (Fig. 4.2).

For simulation purpose, the flapping angle 5 (the angle between the plane of the main
rotor and the plane of the flybar) is approximated as a sinusoidal function [16]. This
assumption can be made because the time that one rotor revolution takes is small enough,

and Bpqer and &mq, can be assumed constant during that time.
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Figure 4.2: Length of the linkage in the model helicopter’s rotor-flybar assembly structure

B = Bmaz COS(E - é.ma:c) (46)

Fig. 4.3 shows Bmaz and &naee in the main rotor plane and flybar plane. Gmqe and Emas are

obtained as follow:

cos(Bmaz) = kK''k (4.7)

where k’ = [0 0 1]7, which is perpendicular to the flybar plane; and the expression of k is
given in Eq. (4.8), which is perpendicular to the main rotor plane. It is equal to project k’

Main Rotor Plane

Figure 4.3: Binar and &4, in the main rotor plane and flybar plane
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4.2 Input-output Equations

in the main rotor’s frame.

k1 0
k= | ko | = e(Fx)8 (2x)¢
kr3
Emaz = arctan(ﬂ)
krl

For simplification, all the derivation can be expressed in the matrix form:

T Ay 0 0 0 6, 0
My 0 Ay 0 0 04 By
= +
Mg 0 0 A33 0 5() B3
Tr 0 0 0 Ay 0y 0
Or
T 0,
My O¢
= As + Bs
My Pl 6 i
Tr By
u=Ag,u +B,,
where

—_n 30282
A1 = FacprR°Q45

_ npQPacRiB4 L3Lg
Agp = 16L1(Lo+L3) a3 Lo
_ npQ2acR*B* LalLsg
Asz = 1601 (Lo+L3) *3 Lo

3
Ayy = Bacrpr(Rr® — Rp®)Qr® 5

2 pipd
By = —%(QBL2L4ﬂmaz Cos gmam + a4L1(L2 + LS))Z%E

2, pipd .
B3 = _%(QSL2L4ﬁmaw $in&maz + asL1(La + L3))<g¢

45

(4.10)

(4.11)

(4.12)

(4.13)

Note that the matrices A, and By, include uncertain parameters, which will be ac-

counted for by the controller when u’ is used as the control inputs, instead of u.

4.2 Input-output Equations

The modeling of the helicopter, the | — a scheme, the velocity analysis and the acceleration

analysis are the same after the rotor actuation mechanism is considered into the controller
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design. The following parts are mainly investigating the new form of the input-out equa-
tions, and the new sliding mode controller.

To find a controller law that determines the inputs [6,, 34, 9, 6y]7, the input-output
and relationship is required. Eq. (3.50) contains the output derivatives. It also contains
the acceleration of the follower 2. As explained in the previous section, Eq. (3.13) and
Eq. (3.14), also relate wo and a to the inputs. If the accelerations of the follower in Eq. (3.50)
is substituted for from Eq. (3.13) and Eq. (3.14) and then consider Eq. (4.12), the input-
output relations are obtained. The details are as follow:

Substituting Eq. (3.75) into Eq. (3.55) results in:

al? = Cju+ D, (4.14)
al? = C1(Agu’ + Bgy) + Dy = C1Au’ + CB,, + Dy (4.15)
or
al? = c/'v' + Dy’ (4.16)
where
Cll — ClAsp (4.17)
and
Dll = ClBsp + Dy (4.18)
Substituting Eq. (4.12) into Eq. (3.59) gives:
-—dg((A33(50 - B3) + (All‘go - Bl)lT)/Iyy
WP xdP = da(A2204 — B2)/Iox ~17 ! (ws? xTw) xdf (4.19)
0
Substituting Eq. (3.75) into Eq. (3.60) gives:
a.éz) X dgz) = Cy(Aypu’ + Bygp) + D3 = CoAgu’ + CoByy + D (4.20)
or
&) x dP) = Cy'v’ + Dy’ (4.21)
where
and
Dgl = CQBSP + Dy (4.23)
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Eq. (3.50) is combined with Eq. (4.21) and Eq. (4.16) gives:

A3 +B; = RECi'u+RIReCo'u+ REReDy’
+ RERp@d x @ x d?)) + R D’
— ROTlago) — 2(.051) X (112 + ilg)

— (bgl) X (112 + Z12) — wgl) X (wgl) X (112 + Zlg))

71 = ATYRE C) + RE R Co U + £

or
71 = f1/ + bllu’

where
fi) = AT'RERe(wS x (@ x d))] - Rfa”
- 2w§1) X (112 +z12) + Rg;lWl - w&” X (lig + z12)
— w&l) X (wgl) X (112 + 212)) —-Bi+ Rg‘lRozDz’ + A;l(Rngl),
b1/ = Al”l(Rf‘)FlCl’ + RglROQCQl)

Rearranging Eq. (3.67) and Eq. (4.12) leads to:

J

(¢ cos psech + fsinfsecftan B)wg)

(—¢sin ¢ secd + 0 cos § sec 6 tan G)wg)
sin @ sec 0( Az3dg — Bz + (A1100 — B1)lr)/Iyy
cos 8 sec 9((A449¢)l,« — Km(AuHo — Bl))/Izz)

(sin ¢ sec 8)ag + (cos psecb)as

+ + + +

47

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

Note that the subscript 2 is dropped from Eq. (4.28) for simplicity. Eq. (4.28) can be

written in the standard form:
g = f5 + bhu'
where
0o

’ (5¢
d

2
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fy = (¢cospsech + fsinbsechtan B)wéz) (4.31)
+ (—¢singsecd + 6 cosfsecdtan 0)w§?
+ (sin ¢sec)ag + (cos ¢psech)as
+

sin sec (—Bg — Bil;)/I,, + cos@sec 0k B1/1,,

/o sinfsec@l, A1y _ cosfsecbkm Ay sindsec0A3zz  cosBsech
b2__[ oot o0 o nese 0 (4.32)

Eq. (4.29) and Eq. (4.26) must be combined to have the full input-output equations.

ho
e f, /
Z]. — ?12 — 1 + bl u/ (4.33)
212
Y Y f b
or
i=f +bu (4.34)

4.3 Sliding Mode Controller Design

A new feedback control law for controlling inputs [6,, 85,8, 0y]7 is determined to control
helicopter 2 such that the desired distance 1, view angle 04‘112, and height offset z‘fQ, all of
which are defined in frame 1, are maintained. Meanwhile, the yaw angle of helicopter 2,
wg, follows the yaw of helicopter 1. The sliding mode control method is again employed in
the controller design process. It is noticed that the design procedure is the same as before,

except the new input-output equation for the nominal parameters is considered:
7z =f + b'u (4.35)

4.4 Calculation of the Control Gains

The | — o controller’s nonlinearity gains are determined according to Eq. (3.86). 7;’s in
Eq. (3.85) are selected to be 1.0 for a fast convergence of the approaching phase. Other
assumptions are the maximum velocities for the helicopter along z, y, and z axis directions
are 2 m/s and the maximum angle velocities along z, y, and z axis directions are § rad/s.
The following analysis is employed.

¢ is derived according to Eq. (3.84). For the parameters I, Iy, I.., Ki, K2, Ky,
Ks, and Kg (only K4 and Kg appear in the Fly-Bar dynamics), they are identified with
average values with standard deviation [16]. A program is written where a loop is applied.
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4.4 Calculation of the Control Gains 49

Table 4.1: List of parameters identified using the system identification method (adapted

from [16])
Parameters | Average values with standard deviation
y - 0.137 & 0.0228 kg-m?
I, 0.221 + 0.0478 kg-m?
I, 0.0323 + 0.00234 kg-m?
K 0.886 + 0.00954 N-s-kg~l-m~!
K 1.12 #+ 0.250 N-kg~1.m™!
Ky 976.676 + 161.748 N-kg~!-deg™!
Ks 27.7 + 1.20 N-s-kg™!-deg™!
Ks 5760 + 302 N-kg~!.deg™!

32 combinations of the five uncertainties are investigated to find the maximum b, and then
C.

F is obtained using Eq. (3.81). It is noticed that besides the uncertainties appear in
the expression of f, different initial velocity conditions also result in different f. Using
the assumptions about different velocities and angular velocities above, a 0.1 increment
for the velocities ranging from 0 to 2 m/s and 7 /80 increment for the angular velocities

ranging from 0 to § rad/s are selected in a loop to find the maximum f additional to the

uncertainties consideration.
For the | — f; + $,;| part in Eq. (3.86), it is also assumed that:

li2—lf <10 m (4.36)
o9 — a‘fQ < 7 rad
219 — 2‘112 <10 m

119 — wilQ < 7 rad

The first equation in Eq. (3.76) can be rewritten as:
s1=¢€1+ \eg (4.37)
where

e1 =g — 1%, (4.38)

€] = l12 - l12
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4.4 Calculation of the Control Gains 50

When sliding surface is zero, one can get
é1+ e =0 (439)

The maximum value for 15 = 10 m is obtained when e; = 10 and %, = 0 are both
satisfied. In the similar way, the maximum values for &2 = 7, 212 = 10 m, and '&2 =T are
determined.

For the disturbance W, as an example, the wind is applied only in the y axis direction.
Also, it is assumed that the wind is applied to a flat planar area of 0.15 mx 0.15 m in the

z axis and 0.2 mx 0.15 m in the y axis. The following formulation is used:

1
fu = (54 (440
where f, is the force from the wind, p is the density of the air, v is the velocity in the

corresponding axis.
The numerical values for the variables mentioned above are as follows:

02648 0O 0 0
0 01664 O 0
¢ = (4.41)
0 0 02163 0O
0 0.0724
0.4342
0.3460
2.8751
1.8000
0.1314
36.8686
B g = 17.999
3R 16.0337
0.5855

Finally, the following values are determined:

k1 =17.6782 ko = 5.0449 k3 = 5.7012 kq = 4.2231 (4.42)
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4.5 Simulations

Numerical simulations show the correctness of the rotor swashplate actuation mechanism
modeling and the effectiveness of the controller design. The prescribed paths for the leader
are the same as above. In these simulations, the numerical values of the nominal dynamic

parameters are related to the Ikarus ECO helicopter in [16]:

m=136kg I, =0.137 kgm? (4.43)
I, =0221 kgm®  [,, = 0.0323 kgm?
[,=01m [;=063m d=10m

The wind disturbance described in Eq. (4.40) is applied to the simulations. A;’s, which
are selected to be 1, along with uncertainty in the nominal dynamic parameters and the
wind parameters FEq. (4.43) are used to calculate the bounds of the parameter uncertainty
in Eq. (3.84).

4.5.1 Taking Off

The first simulation set is to simulate the motion of the follower when the leader helicopter
is taking off. The initial positions for the leader and follower are (0,0,0) m and (0, 15,0)
m, respectively. The leader has no motion in either x-axis or y-axis direction. It only has
an upward speed of -1 m/s (the positive direction is defined downwards) in the z direction.
The follower receives a command to follow the leader in the way that the lateral distance
is 19, = 10 m, the view angle is af, = /2 rad, the vertical distance is z{, = —~1 m, and a
yaw angle is 1% = 0 rad. The results of the simulation in Figures. 4.4(a), 4.4(b), 4.5(a) and
4.5(b) show the motion of the follower; Fig. 4.6(a) shows the control parameters l12, o2,
z12 and 9. Fig. 4.6(b) shows 6,, 04, 0, and 6. It is shown that 6, has some fluctuations
at the beginning and then reaches 1.35 degree; d, undertakes some fluctuation at beginning
but reaches 0 m after 10 seconds; dg is about -0.01 m; and 6y, is around 5.4 degree. From the
3D drawing of the two helicopters’ trajectories (Figure. 4.7), it is noticed that the follower
does follow the leader’s taking off perfectly. Furthermore, the controller displays good time
response while the control inputs are not too large and physically achievable. Figure. 4.8
compares the results with and without wind disturbance. Trajectories in both case are
almost identical. This means that the controller performances well in the presence of the

wind disturbance.
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Figure 4.4: The states of the follower when the leader is taking off. (a) Position, and (b)
Velocities
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Figure 4.5: The states of the follower when the leader is taking off. (a) Euler angles, and

(b) Angular velocities
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Figure 4.6: (a) Formation parameters, (b) Control displacement when the leader is taking
off
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Leader
Follower

y (m)

x (m})

Figure 4.7: Trajectories of both helicopters when the leader is taking off with the wind
disturbance and the controller in Chapter 4

4.5.2 Sinusoidal Wave Movement

This part is to simulate the motion of the follower when the leader is moving on a sinusoidal
path in the z — y plane. For the leader helicopter, the initial position is (0,0,0) m. The
leader has a constant velocity in the z-axis direction, while its velocity in the y-axis direction
is 1 x sin(t + 7/2) m/s. The leader has no motion in the z-axis direction. The follower
starts at (0,15,0) m and receives a command to follow the leader in the way that the lateral
distance is [{, = 10 m, the view angle is af, = 7/2 rad, a vertical distance is 2¢, = —1 m,
and a yaw angle is 1§ = 0 rad. The results of the simulation in Figs. 4.9(a), 4.9(b), 4.10(a)
and 4.10(b) show the motion of the follower; Figure 4.11(a) shows the control parameters
l12, @12, 212 and 9. Figure 4.11(b) shows 6,, 04, dg, and 6y, It is shown that 6,, d4, and dg
present sinusoidal shapes; and 6y, is 5.05 degree. Figure. 4.12 shows the trajectories of both
helicopters. From the 3D drawing of the two helicopters’ trajectories, it is noticed that the
follower does follow the leader’s trajectory perfectly. Furthermore, the controller displays

good time response.
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Figure 4.8: Trajectories of both helicopters when the leader is taking off (first 15 sec),
(a) without the wind disturbance and the controller in Chapter 3, and (b) with the wind
disturbance and the controller in Chapter 4
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Figure 4.9: The states of the follower when the leader is moving on a sinusoidal movement

path. (a) Position, and (b) Velocities
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Figure 4.10: The states of the follower when the leader is moving on a sinusoidal movement

path. (a) Euler angles, and (b) Angular velocities
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Figure 4.11: (a) Formation parameters, (b) Control displacement when the leader is moving

on a sinusoidal path
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Figure 4.12: Trajectories of both helicopters when the leader is moving on a sinusoidal path

4.5.3 Circular Movement

This simulation set is to simulate the motion of the follower when the leader is moving on a
circular path in the z — y plane. In this case, the initial position of the leader is (10,0, —4)
m. The leader moves in a counterclockwise circle with radius of 10 m in the z — y plane
at the height of 4 m and the linear velocity is 1 m/s. Both helicopters’ yaw angles start
at 7/2 and the yaw angle rate of leader is 0.1 rad/s, which means it does not have to face
the same direction as defined in the initial condition while moving on a circle. The initial
position of the follower is (8,0,0) m. The follower receives a command to follow the leader
in the way that the lateral distance is l‘f2 = 10 m, the view angle is ail2 = pi/2 rad, a
vertical distance is zf, = —1 m, and the yaw angle rate is 0.1 rad/s. The results of the
simulation in Figures. 4.14(a), 4.14(b), 4.13(a) and 4.13(b) show the motion of the follower;
Figure. 4.15(a) shows the control parameters 12, a9, 212 and 5. Figure. 4.15(b) shows
80,04,09, and 6. It is shown that 6, starts at 1.28 degree and then goes to 1.24 degree;
04 undertakes some fluctuation at the beginning but reaches 0 m after 15 seconds; g takes
a sinusoidal wave shape; and 8y, is around 5 degree. Figure. 4.16 shows the trajectories of
both helicopters. From the 3D drawing of the two helicopters’ trajectories, it is noticed
that the follower does follow the leader’s trajectory perfectly. Furthermore, the controller
displays good response.

For all simulations in this chapter, the results are close to the ones in Chapter 3. Note
that the wind disturbance is present in Chapter 4’s simulations but not in the Chapter 3’s
simulations. Therefore, if the controller had not designed properly, the results would have
been different. Similarity of the results shows that the new controller rejects disturbance

very well.
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Figure 4.14: The states of the follower when the leader is moving on a circular path. (a)
Euler angles, and (b) Angular velocities
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Figure 4.15: (a) Formation parameters, (b) Control displacement when the leader is moving

on a circular path
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Figure 4.16: Trajectories of both helicopters when the leader is on a circular path
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CHAPTER 5

HARDWARE IMPLEMENTATION

In the previous chapters, two sliding mode controllers, one with [T' My M, Tr]T as outputs
and the other with [f J, 5 8] as output, are developed. In this chapter, the xPC Target is
employed as a prototyping environment that connects the Simulink to the physical systems.
A target PC, as the controller, downloads and executes the control code in real time in the
experimental set. For this project, the hardware to be controlled is the servo motors of the
helicopter.

xPC Target has many advantages including: High capabilities for fast prototyping and
hardware-in-the-loop simulation of control systems; automatically generating code and up-
loading the code to a second PC that runs the xPC Target real-time kernel. It also supports
more than 250 standard I/O boards and offers host-target communications via TCP/IP pro-
tocol. The graphical user interface (GUI) and MATLAB command-line interface configure
the computer to communicate with the xPC Target computer as the controller.

For the servo motors, the length of the pulse command applied to the motor is propor-
tional to the position that the output shaft needs to move to. The control wire built in the
motor is to communicate the angle to which the servo should turn. The angle is decided
by the duration of a pulse that is applied to the control wire, which is called Pulse Width
Modulation (PWM). In every 0.02 seconds, the length of the pulse determines how far the
motor turns. A function that converts an input servo angle into a corresponding number of
clock ticks to hold the PWM signal high and low is found by Michael Dawson, one of the

summer students in the laboratory, by test and trial method:

p=(0.01 x10~3)u+ 1.5 x 1073 (5.1)
H=fxp
L=fx(T-p)

where f = 80 MHz is the reference frequency, T' = 0.02 second is the period, p is the pulse
duration in seconds, v is the input angle in deg, H is the number of clock ticks to hold
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Figure 5.1: A flow diagram of hardware implementation

voltage high (Hz), and L is the number of clock ticks to hold voltage low (Hz).
The National Instruments PCI-6602 is used to perform pulse generation. The Function-

Call Generator is employed to implement the iterator operation in the Simulink. On each

0.02 second, the Function-Call Generator execute the PCI-6602 (Pulse Generator).

A flow diagram of the hardware implementation is given in Fig. 5.1. Specifically, Fig. 5.2

shows a program for the servo motors control procedure. The inputs of the program have

66

to be converted to the corresponding positions of the servo motors first, followed by the

above mentioned hardware implementation.

o The collective pitch movement is a result of both the roll input and the pitch inputs, as

shown in Fig. 5.3. Here, a known displacement of the swashplate due to the collective

pitch movement is assumed.

e The roll servo inputs to the swashplate leads to the roll movement, as shown in Fig. 5.4.

Two roll servos have the same position change, but in opposite directions. A known

angle change of the swashplate due to the roll movement is assumed.

o A pitch servo input to the swashplate results the pitch movement, as shown in Fig. 5.5.

This also leads to the change for the two roll servo motors (the same position and the

same direction). A known angle change of the swashplate due to the pitch movement

is assumed.
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Motor2 Motor!

Motor3 yZ

Figure 5.3: The collective command. All motors move equally.

> X

—
- et

Motor3 Yz

Figure 5.4: The roll command. Motor 2 and 3 move opposite to each other; Motor 1 is
fixed.

L X

Motor3

Yz

Figure 5.5: The pitch command. Motor 2 and 3 move the same direction; Motor 1 moves
opposite to Motor 2 and 3 and the displacement of Motor 1 is twice of the other two motors.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

In this work, a control strategy for forming arbitrary formations of multiple autonomous
helicopters was presented. The sliding mode controllers developed in the work only used
the state information of the neighboring helicopters.

First, a 6-DOF dynamic model of the helicopter without the rotors’ actuation part was
considered. In this case, the designed controller had two forces and two moments as the ac-
tuation means. However, it is difficult to control the actuation forces and moments directly
in real systems. Based on this, the modeling of the main rotor’s actuation mechanism was
developed. In this case, the pitch angles of the main blades and tail blades, and the displace-
ments of the swashplate were directly controlled. Then, these parameters were converted
to the servo motors angles. The control of the actual helicopter servos was also presented.

In both cases, the control parameters, i.e., the relative distances and orientation of
the helicopters, were stabilized. The robustness of the control law were demonstrated in
the presence of the existence of parameter uncertainty in the dynamic model and wind

disturbances. The effectiveness of the controllers was shown through simulation results.

6.2 Future Work

The current results show that this autonomous formation control strategy is promising,
however, further work has to be done in order to present a complete formation approach.

Therefore, possible future research works can be summarized as below:

o In this work, the physical parameters used in the mathematical simulations are based
on the Ikarus ECO electric helicopter. System Identification is needed for the Maxi-
Joker 2 helicopter. Considering the high nonlinearity of the mathematical model, a
single-input-single-output method is recommended by restricting the motion of heli-

copter to isolated single degree of freedom.
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e The onboard computer box design with onboard processors, sensors and GPS navi-
gation system must be completed. Programs supporting communications among the
helicopters need to be integrated in the processors in order to safely fly in the un-
known environment. Sensors and GPS systems must be calibrated to the states of the

helicopters.

o Testbed must be designed for testing and calibrating all the sensors integrated on the
helicopters. Sensors need to give the accurate information about the states of the
helicopters that are fedback to the controller. In order to do the above, a test bed
has to be designed such that it can collect the states of an attached helicopter, such
as positions, orientations, and velocities. A real time data collecting system has to
be set up that collects data both from the test bed and the helicopter. The hardware
selection and software interface have also to be considered. The data from the testbed
and the helicopter’s sensors then has to be compared with each other to make sure

that the sensors are calibrated correctly.

e The proposed control scheme is only one of the distributed formations controllers
required for the general 3D formation. An additional [ — I controller should be de-
veloped to control the distance of a follower helicopter with two leader helicopters.
Combining [ — o and I — [ schemes, the complete robust formation controller design

for autonomous helicopter is achieved.
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APPENDIX A

MATLAB AND SIMULINK PROGRAMS

A.1 Controller Design: Forces and moments as Control Inputs

This part of program is to implement the controller designed in Chapter 4, when the rotor’s
actuation mechanism of the helicopter is not considered. Starting from the whole Simulink
block diagram, it then gives all the components in the following sequence: Follower, Leader,
Controller Parameters formation, Desired Parameters, and Controller.

Compared with the taking-off movement, it only involves the change of the initial con-
ditions and the desired parameters to get the sinusoidal and circulation movements. Here,
only give the example of the taking-off motion.
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A.2 Controller Design: Rotor’s Actuation Commands as Control Inputs

This part of the program is to implement the controller designed in Chapter 5, when the
rotor’s actuation mechanism of the helicopter considered. It gives the whole Simulink block
diagram and the leader part.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A.2 Controller Design: Rotor’s Actuation Commands as Control Inputs
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Figure A.1: The Simulink diagram for the whole program
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Figure A.2: The Simulink diagram for the follower part
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Figure A.3: The Simulink diagram for the leader part
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Figure A.5: The Simulink diagram for the desired parameters
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Figure A.6: The Simulink diagram for the controller
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Figure A.7: The Simulink diagram for the whole program (2)
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Figure A.8: The Simulink diagram for the leader part (2)
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