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Abstract

T h e  thesis  p resen ts  a  leader-follow er con tro l s tra te g y  for form ing a rb itra ry  fo rm ations 

of m ultip le  au tonom ous helicopters. A  six-degree-of-freedom  dynam ic  m odel is con­

sidered for th e  helicopters. Sliding M ode C on tro l is em ployed due to  its  robustness 

to  th e  m odel u n certa in tie s  a n d  p e rtu rb a tio n s . T h e  first version of th e  con tro ller p ro ­

duces four in p u ts , th e  m ain  ro to r  th ru s t , th e  ro ll an d  p itch  m om ents, an d  th e  ta il 

ro to r th ru s t . In  th e  second version of th e  contro ller, th e  ro to rs ’ aerodynam ic  m odel 

a n d  th e  m ain  ro to r ’s a c tu a tio n  m echanism  m odel of th e  helicop ter are  in co rp o ra ted  in 

th e  con tro ller design, in  w hich th e  ro to r ’s m echanism  a c tu a tio n  com m ands are  consid­

ered  as th e  con tro ller in p u ts . T h e  contro llers can  successfully con tro l an  au tonom ous 

helicop ter such  th a t  i t  follows a n o th e r  he licop ter w ith  any specified sp a tia l d istance. 

T h e  con tro llers perfo rm  well even in  th e  presence of unknow n b o u n d ed  ex te rn a l d is­

tu rb an ce , a n d  are  ro b u st to  no rm  b o u n d ed  dynam ic  m odel p a ra m e te r  u ncerta in ties . 

N um erical exam ples an d  s im ulation  resu lts  a re  given to  illu s tra te  th e  effectiveness 

a n d  rob u stn ess  of th e  designed  controllers.
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1

C h a p t e r  1 

I n t r o d u c t i o n

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 o f 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 o f 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 o f 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 o f autonomous formation control are that it does not involve the design and 

building o f full scale aircrafts to carry human operators, or the expensive training o f the pilots.

Advances in computation capabilities, sensor technology, wireless communication, and 

differential GPS have led the development o f 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 o f just 0.22 m per 100 km [22], which is accurate 

enough for the formation control even considering the small sizes o f 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 o f 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 o f UAVs can be 

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

agent-to-ground communication, navigation, tra jecto ry  following, stabilization, and colli­

sion avoidance. The control system  is capable of m aintaining the dynamic system stable 

and giving high system performance and robustness to  uncertainty and disturbance.
In th is work, efforts are emphasized on the  autonom ous formations control of helicopters. 

The existing literature contains m any m ethods in this area [4], [11], [3], [25], [33], [26], [6], 

and [8]. However, cooperative control of helicopters still faces m any 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 m otors on the helicopters in 

the form ation form atting. Furtherm ore, some param eters 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 O bjectives

This study emphasizes on a  sliding control strategy for controlling a group of autonom ous 

helicopters in a rb itrary  formations. The small scaled electric helicopter Ikarus ECO is 
employed for the convenience of system  dynamics model. Form ation control is to  get a 

group of robots into and m aintain a certain formation. T rajectory tracking is a platform  
based on which the form ation 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 w ith the model uncertainties and perturbations. Global obstacle avoidance is 
achieved by defining the  tra jec to ry  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 

m ain rotor th rust, the roll and pitch moments, and the tail rotor th rust. The m otors’ 
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 param eter 

uncertainties in the  dynamic model and wind disturbance are considered in the controller 
design. Also, it is necessary to  present the numerical examples and sim ulation results to  
illustrate the  effectiveness and robustness of the m ethod.

Thus, the objective of this thesis is to  first build a six DOF dynamic model and incor­
porate the  ro tors’ aerodynamic models and the actuation mechanism model, then  to  design 

a control scheme th a t is robust in presence of the param eter 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 form ation control, is to  be developed so th a t the spatial distance and 
view angle of a helicopter w ith respect to  a neighboring helicopter can be controlled and 

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

1.3 O rganization o f 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 sim ulation 

results are given in Chapter 3. In  Chapter 4, the results of a new controller design when 
m otors’ actuation mechanism is considered are presented and the corresponding sim ulation 

results are shown. C hapter 5 is devoted to  the  hardware test for the  helicopters servo 
motors. Finally, the sum m ary and future recommendations are given in C hapter 6.
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C h a p t e r  2

L it e r a t u r e  R e v ie w

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  lim itations 
because of the ground conditions and the obstacles th a t cannot be avoided. Unm anned Air 

Vehicle (UAV) systems can overcome these lim itations to  achieve their goals, to  perform 

certain actions, or to  collect d a ta  and information. UAVs have not only become an impor­
tan t part of m ilitary forces, bu t are considered for potential civilian applications, such as 

bridge inspection, disaster monitoring, border patrol, rescuing, environm ental information 
collection. UAVs are also used for tasks th a t are too hazardous for m anned aircrafts.

Coordination of multiple UAVs to perform  such tasks remains a challenging area. M any 
interesting results have been reported in both  the form ation control and tra jec to ry  tracking 
control. Form ation control is to  get a group of robots into and m aintain a certain formation. 

Trajectory tracking is a  platform  based on which the form ation control law is designed. In 

this report, a review of the current Unm anned Air Vehicle systems is presented. Then, some 

results in form ation control and tra jec to ry  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 w ith the  previous results 
is discussed.

2.2 U nm anned Aerial Vehicles

Unm anned air vehicles are self-propelled air vehicles th a t are either rem otely controlled or 
are capable of conducting autonom ous 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 therm al imaging and infrared cameras, laser target designations,
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2.3 Trajectory Tracking Control 5

and comm unication 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 w ith the speed of a turboprop airplane. 

The endurance category (Global Hawk, produced by Northrop G rum m an Corp) applies the 

UAVs th a t can work for the  duration from 12 to  72 hours and altitudes above 20,000 feet 

[10].

The model th a t is to  be used further in this project is a M axi-Joker 2. It has a m ain 

rotor diam eter of 1.8 m and can lift a  weight of 2 kg. A rotorspeed of 1200-1300 rpm  can 

be achieved. W ith  a payload of 2 kg the all-up weight is about 8.0 kg. Equipped with a 

10S3P-battery, a flight tim e up to  20 min can be reached, depending on the  payload [20]. 

However, due to  the unconducted system identification procedures, the sim ulation sets use 
the param eters of the Ikarus ECO electric helicopter.

2.3 Trajectory Tracking Control

Trajectory tracking control is served as a platform  based on which the form ation control law 

is designed. In m any 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 num ber of way points and performs some predefined maneuver 

when the final location is reached [31].

The approxim ate input-output linearization algorithm  is applied in reference [17]. An 
output (positions and heading) controller is designed to  track the  path . The approxim ate 
input-output linearization designed in this work overcomes the lim itation th a t the trad i­

tional input-output linearization is only valid for the  minimum phase nonlinear system. The 
traditional m ethod 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 approxim ated system  with dynamic 
decoupling.

M okhtari, M ’Sirdi, Meghriche, and Belaidi [21] propose a control strategy including a 

linear Luenberger observer, an adaptive estim ator, and a  feedback linearization controller 

for a special kind of UAVs called quadrotor UAVs. F irst, a dynamic model of a quadrotor 
helicopter is developed. Then, three parts of the control m ethod 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 estim ator is to  estim ate the effect 
of the external disturbances. As a result, th is part reinforce the  stability  of the  overall 
system. The feedback linearization control law allows good covergence of estim ated values 

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

This strategy also helps reduce the num ber of sensors to  be used.
In [2], the authors propose a controller architecture th a t combines adaptive feedforward 

neural networks w ith feedback linearizaiton. The scheme is effective for bo th  linear-in-the- 

param eters networks and the single-hidden-layer perceptron neural networks. In th is work, 
the  work has been done in the  area of nonlinear, adaptive, and neural network flight controls 

has been briefly reviewed. I t ’s noticed th a t artificial neural networks have the capability 
to  approxim ate 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 m ethod is th a t it decrease the  tim e for the calculation. However, i t ’s also advised 

th a t i t ’s difficult to  incorporate the real helicopter model into the  controller design in this 

m ethod.
Wang and Gao [31] propose a control system  design strategy for UAV tra jec to ry  tracking 

basing on the kinematics aircraft model. The control system includes three subsystems: 

command generation, transform ation, and allocation. The robustness to  the  disturbance, 
such as wind and sensor noise, is enhanced by adopting a nonlinear disturbance observer. 

This m ethod overcomes the  disadvantages of the  likely saturation, stability  problems, and 
time-consuming problems from multi-loop hierarchical tra jecto ry  track control systems, and 

the poor generality from the  approach th a t 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 sta te  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 trajecto ry  tracking 
problem.

In [19], the new image technologies and the advances in control have been combined 
together to  achieve desired tra jecto ry  tracking control of UAVs. The authors develop a 

visual tracking control strategy for m onitoring of structures and m aintenance of bridges. 

The predefined tra jecto ry  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 param eter is then  obtained by extracting the  pose param eter from the 
homographies. An adaptive update law to estim ate this unknown param eter is presented.

In [15], the ou tpu t regulation is employed to  a UAV trajecto ry  tracking problem. The 

ou tpu t regulation is also called servomechanism problem, where the  reference trajectories 
and the  disturbance are generated by an autonom ous differential equation. I t has the 
advantages of coping w ith uncertainties and dealing w ith a large class of complex system. It 
is more efficient th an  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 axe employed to  m onitor and 

track the  forrest fires. The information about the progress of the fire is essential for the 
fire fighting and rescuing. Furtherm ore, the  UAVs have more advantages th an  the ground 
vehicles and fire fighters. The m ethod provides effective UAV path  planning algorithm  using 

infrared images th a t are collected onboard in real time. A EM BYR model is sim ulated 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 m ost 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 m odular: it isolates user-defined applications 

from underlying low-level system  th a t services for implementing inter-process communica­

tion, data-acquisition, and associated hardw are management. Also, a new run-tim e schedul­

ing algorithm  to  maximize the execution of tasks w ithin a given deadline is employed. A 
compact avionics package th a t includes flight computer, da ta  acquisition system, commu­
nications system, and GPS receiver, is built. Results of the avionic in car tests are also 
presented.

Form ation control is to  get a group of robots into and m aintain a certain formation. 

Trajectory tracking is a platform  based on which the form ation control law is designed. The 

existing tra jecto ry  control m ethods do not apply for form ation control problems. Form ation 
control shemes m ust be studied separately.

2.4 Form ation Control

Over the past few years, research on the coordination of multiple UAVs to  get into and 
m aintain a certain formation, such as rectangle or chain, has gained increasing interest. 
UAVs are capable to  fly in a certain form ation in and out of restricted areas th a t are 
considered too difficult or too dangerous for hum an pilots.

In [7], a controller for a two-aircraft form ation is designed. It allows both  tra jecto ry  
tracking and form ation geometry keeping. F irst, the  d istributed Horse-Shoe Vortex tech­
nique is used to  achieve the aerodynamic coupling effects modeling. Then, a control strategy 
based on the behavior of m igratory birds is proposed. Instead of the agents in the  formation 
refer to  each other, they are required to  keep a specified distance from an im aginary point 
called Form ation Geom etry Center (FGC).

Form ation 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 kinem atic effects. Simple 

aircraft models including Mach-, heading-, and altitude-hold autopilots in the inner loops are 

used. Furtherm ore, additional aerodynamic coupling effects are introduced due to  the close 

formation. Finally, sim ulation results are presented for tra jecto ry  tracking and formation 

keeping.

In [8], a control scheme th a t is suitable for tight UAVs form ation maneuvers a t high 

Euler angles and m oderately high angular rates flying is designed. A set of research UAVs 
is designed, built and instrum ented. The identification of linear and nonlinear aircraft 
m athem atical models from collected flight da ta  is performed. The controller has the  inner 

loop and the  outer loop. The inner loop controller design is to increase the feedback gain as 

much as possible to  achieve desirable disturbance a ttenuation  along w ith desirable tracking 
capabilities. The outerloop controller consists of a ‘vertical’ block and a ‘horizontal’ block. 

The Robustness of the form ation controller is assessed through a sim ulation study where 
the adverse effect on the  closed-loop stability  and tracking performance caused by the 

m easurement noise and modeling error is evaluated. A two-aircraft testing result validates 
the  design.

Work [27] studies the  invertibility of input-output form ation m aps and the design of a 

robust nonlinear control system  for a group of unm anned 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 pa th  angle; variable 

structure control laws are also designed for the follower’s tra jecto ry  tracking. These control 
laws asym ptotically track each aircraft while the  leader track the  predefined path . Only the 
states and control input inform ation from the preceding aircraft are needed for each follower. 
The m ain contribution of this work is investigating the inversion of certain input-output 
form ation mapping.

In [18], the  authors develop a fuzzy logic navigation m ethod for close form ation control of 

m ultiple UAVs. This m ethod does not have to  use the tim ely and accurate measurements. 

No communication link between two aircraft is needed to  separate the follower from the 

leader while m aintaining certain formation. The linguistic term s of the  fuzzy logic controller 
ou tpu t for trailing UAV are selected as the  m ain param eters for optim ization. The controller 

is able to  estim ate sufficient lateral and longitudinal distance under the system  uncertainties 
and external bounded vortex disturbance.

A nother 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 form ation 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, bu t simplifies the design of the  form ation flight control 
system. The longitudinal and lateral control systems are derived separately. I t  is noticed

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



2.4 Formation Control 9

th a t a  decentralized control system is obtained from an overparam eterization in the design 
process. Furtherm ore, 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 form ation control system  consisting two parts: 
the lower layer has the  off-the-shelf autopilots capable of tra jecto ry  generation in waypoint 

mode or holding mode, and the higher layer has two nonlinear controllers th a t is integrated 
with an extremum-seeking algorithm , which can seek the m aximum  induced lift for the 

follower UAV. The higher layer does not need the inform ation of the leader’s velocity or 

acceleration.This control strategy is able to  coordinate a group of UAVs to perform complex 

navigation tasks with lim ited communication overhead. Finally, the sim ulation results are 

presented to  validate the  performance of the controller design.
A different idea is pursued in [32], in which a form ation controller th a t 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 form ation is kept in the safe mode 

and broken in the danger mode. B ut the agents in the  form ation 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  w ith 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 fundam ental 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 p a tte rn  to  achieve their goals. 
However, the work assumes th a t  all agents are identical in every aspect. It is also assumed 

th a t the  agents possess identical capabilities and lim itation. These assum ptions 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 form ation con­
tro l with the obstacles. There is no inform ation communication between aircrafts. Instead, 

the passive 2-D vision inform ation is employed to  keep the formation. The controller esti­

m ates the range from 2-D vision inform ation by using Extended Kalm an Filters. Another 
alternative way is regulating the size of the  image subtended by a leader aircraft on the 
image plane. The situation th a t the image size is not reliable is also considered. In  this case, 
the bearing-only inform ation is used. This is done by the design of a tim e-dependent for­
m ation geometry. Furtherm ore, the robustness to  the unknown leader aircraft acceleration 
has been achieved by the  Extended Kalm an F ilter w ith an adaptive neural network.

In the work of [5], a  second/high order sliding mode form ation controller consisting
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2.4 Formation Control 10

three parts: tracking, placement, and anti-collision, is designed. The form ation is obtained 

using triangular pa tterns following an original expansion process. The leader can track the 

predefined tra jec to ry  in the existence of the unknown bounded disturbances. The followers 

are to in itiate  and keep the formation. The placement part makes sure th a t no im m ediate 
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 im m ediate lateral 

neighbors receive a set of safety distance from the neighbors. This strategy guarantees a 

robust, continuous, and sm ooth control th a t is suitable for the  autopilots.

In [4], stabilizing and m aneuvering a form ation of UAVs have been studied. A gener­
alized model predictive control algorithm  is obtained th a t  extends the  existing theory th a t 

considers velocity control of kinem atic 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 th a t  are w ith constrained dynamics. The distributed and syn­

chronized model predictive control computes the  effects of model errors between vehicles. 

The controller allows th a t agents are stabilized to  a set of permissible equilibria, ra ther than  
a precise location for each vehicle in the  formation.

Research efforts [6] are emphasized on the two-loop control approach to  UAVs close- 
form ation flight. A standard  decentralized linear quadratic regulator (LQR)-based control 

structure is synthesized for each agent and for form ation position error control using lin­

earized equations of m otion and a lifting line model of the aircraft wake. Another con­
tribu tion  of this work is th a t  a form ation m anagement structure is defined, which is able 

to  handle w ith situations like aircraft loss, transm itter failure, and receiver failure. The 
procedure is developed using a  decentralized approach and relies on the  D ijkstra algorithm.

Saber and M urray [25] propose a dynamic graph theoretic framework th a t enables m od­

eling the flocking of agents in presence of multiple obstacles. F irst, the spatially induced 

graphs are used to  define the nets and flocks, and fram enets and energy of dynamics are 
presented. Then, flocking w ithout any obstacles is discussed. The notion of a  net is intro­
duced and the flocking is achieved through dissipation of structural energy of a dynamic 
a-net. Finally, the approach to  flocking w ith multiple obstacle avoidance for a dynamic 

o-net is summarized. However, the stability  for th is algorithm  is not analyzed thoroughly.

In [34], emphasis is pu t on a hybrid structure  to  enable effective switching between 

form ation keeping modes and form ation reconfiguration modes. The group is able to  s ta rt 
from the given initial configurations and reach the  final configuration with the specified 
tim e by minimizing a given cost function. In  addition, it has to  consider the facts th a t 
there are certain inter- and intra- vehicles constraints. The problem  is defined as Forma­
tion Reconfiguration Planning. The advantage of this approach is th a t on line form ation 
reconfiguration can be more efficiently achieved and all the com putationally intensive tasks 

involving optim izations are performed off-line. The assum ption for this m ethod is th a t all
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information is accessible, which is very difficult in actual flight.
It is noticed th a t more effort on form ation control has been emphasized on the  generic 

fixed wing vehicles, the  form ation schemes are not tru ly  3-dimensional, dynamic model of 

the vehicles is simplified, and the  robust controller design for form ation control has not be 

considered. These shortcomings are to  be addressed by considering helicopters specificly, by 

defining 2-D form ation control schemes, by using full dynamic model of the  helicopter, and 
by using robust sliding Mode M ethod. Furtherm ore, the m ethod 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 a rb itrary  form ation of multiple au­

tonomous helicopters is studied. A leader-follower approach is presented to  coordinate 

m ultiple helicopters to  accomplish a common objective. One contribution of our work is 
th a t we consider a  six DOFs dynamic model of the helicopter w ith the modeling of ro to r’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 param eter uncertainties, model uncertainties, and perturbations are also 

considered in the controller design.
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C h a p t e r  3

C o n t r o l l e r  D e s ig n  w it h  R o t o r s ’ F o r c e s  a n d  M o m e n t s  a s  

I n p u t s

In this chapter, a  sliding mode controller, w ith ro tors’ th rusts and torques as outputs, is to  be 

designed. The controller can be used to  form arb itrary  formations of multiple autonom ous 

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 v irtual helicopter is 
assumed as a group leader. The form ation 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: F irst, the dynamic model of a helicopter is presented. 

Then, inputs and ou tputs of the  controller are analyzed. Based on the kinem atic analysis 

(position analysis, velocity analysis, and acceleration analysis), the input-output equations 
are derived. The sliding mode controller is designed. Finally, numerical examples and 
sim ulation results are given to  show the effectiveness and robustness of the controller.

3.1 D ynam ic M odel o f a H elicopter

This section describes the dynamic model of a helicopter shown in Fig. 3.1. The equations 

of m otion for a helicopter are presented in a form th a t is useful for controller design. The 
following control inputs are assumed:

• T: The m ain ro tor th rust

• Tt : The tail rotor th rust

• My. The roll torque

•  M q: The pitch torque

All the equations are w ritten  in the helicopter body frame, whose orientation is expressed 
by three Euler (Z Y X ) angles, ro ta tion  tp about z-axis, 0 about y-axis, and 4> about x-axis.
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3.1 Dynamic Model o f a Helicopter 13

X

{B}

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

z, y, and x  are the body frame, with the origin a t the  helicopter’s central of gravity, z  is 
chosen to  be downwards to  comply w ith the aerospace engineering convention. tp, #, and 
(j> are the yaw, pitch and roll angels, respectively. The following m atrix  represents this 
orientation:

H i b  = e(zx)V>e(2/x)0e(®x)<£ (3.1)

COS-Ip — sin ip 0  ‘ cost? 0 sin# '  1 0 0

sin ip cos ip 0 0 1 0 0 cos <p — sin<£
0 0 1 _ — sin# 0 cos# _ 0 sin <p COS*/)

Although this representation is singular a t # =  ± | ,  the helicopter is not expected to  operate 
in those orientations (pointing straight up or down). It is im portant to  be able to  write the 

inertial angular velocity of the  helicopter frame described in the  local frame in term s of the 
derivative of the Euler ( Z Y X )  angles as:

1 0  — sin #

0  cos cp cos # sin <p 9
0  — sin cp cos # sin cp . ^  .

(3.2)

If [x i , y i , z i \  donates the inertial coordinates of the  helicopter’s center of mass, three 
translational equations of m otion are:

X I f B x

m V I = H i  n f B y

. z i  .

.. 
1

1

(3.3)
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3.1 Dynamic Model o f a Helicopter 14

where fg =  [/bx , fBy, fBz]T is the resultant force vector expressed in the  body coordinates. 
The three ro tational equations of m otion in body coordinate are:

IU>g +  u>b x I& b  —  t b

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

(3.4)

fj:j: 0 Ixz
0 lyy 0

Ixz 0 Izz

(3.5)

and tb  =  [TBx,TBy,TBz]T is the resultant torque vector in body frame. Assume the  sta te  
variable vector as:

q = XI yj  Z] XI y i  £j <p 9 ip u>Bx u By u>Bz (3.6)

The first order equations of m otion are derived as follows. The kinem atic translational 

equations of m otion are:

(3.7)
X I U l

VI = V I

.  Z I  . W l

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

ill fBx
m VI =  R 'IB fBy

wi . fBz

(3.8)

According to  Eq. (3.2), the  kinem atic relation for Euler angles and angular velocity is as 
follows:

1 sin (ptan 9 cos r/)tan 9 VBx
9 = 0  cos cp — sin <p UBy

_ 0 sin (psec 9 cos <psec 9 . UBz

UBx T~Bx
UBy =  I _1{ TBy

. UBz 1 to i

u>b  x Iw b}

(3.9)

(3.10)
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The forces acting on the  helicopter are:

- D x 0

fB =

£1bI

+ RJ b 0

1

I b i b i . m 9 .

(3.11)

My,

t b =  M e  +  T l r (3.12)

A /y, “I” Tm

where D x , D y, and D z are the  drag forces. M y,, M g ,  and M y, are the  roll, pitch, and yaw 

moments generated by the rotors, respectively. r TO is the m otor torque. If the center of 

gravity is towards the front w ith respect to  the  rotor axis, lr is positive. rm is a function 

of T: rm =  —k m T .  A negative r m indicates th a t  the rotor is ro tating  about the  positive 

z  direction so th a t the  reaction torque on the helicopter is about the negative z  axis. 

Substituting Eq. (3.11) into Eq. (3.8) results in:

ui
VI
wj

m- R / b

0

- T t

- T

H R / bm

-Dx
- D y

-Dz

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

+
0

0

9

(3.13)

UBx ^<j>/Ixx

LOBy = (M g  +  T l r ) / I y y -  I  1{ u b  X I U b }

. V B z . ( T r k  ~  k m T ) / I zz

(3.14)

3.2 Proposed Formation Control Scheme

Form ation control is to  coordinate the  behavior of multiple robots, aircraft, spacecraft, 

underw ater vessels, and surface vehicles. The most fundam ental goal of all these applications 

is to  coordinate m ultiple agents to  accomplish a common objective. In this work, the bulk 

motion of the whole group of helicopters can be determ ined by common tra jec to ry  planning. 
A virtual helicopter is assumed as a group leader, who adapts the  bulk m otion of the  group 
as its desired trajectory. Any helicopter in the group follows either the v irtual leader or 
their neighboring helicopter. As a result, the  form ation 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 I — a  (Fig. 3.2), is developed in this work 
th a t controls the 3D vectorial relative position of a helicopter w ith respect to  a neighboring 
helicopter.
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Formation reference 
point

Figure 3.2: General form ation control configuration

First, a  reasonable form ation scheme for I — a  should be defined. Things to  note are:

1. The helicopters are separated by a vectorial distance I12 +  Z12 between the  centre of 

the mass of the leader and an arb itrary  control point, p , on follower helicopter. The 

arb itrary  point has a fixed distance d w ith 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 m ust 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 w ith the 
leader faster. The same argum ent can be m ade for the roll angle and lateral motion.

The I12 vector is chosen to  be in the  leader’s x  — y  plane and the  vector to  be always 

perpendicular to  the I12 vector (or leader’s x  — y  plane). These ensure th a t the 3D form ation 
will be kept as a  solid structure, and simplify the derivation of the input-output relations.

3.2.1 Input-Output Analysis

The form ation param eters th a t define the form ation internal geometry are Z12, a  1 2 , 212 , and 
-0 2 - These are also the controller outputs. The control inputs are T,  Tp,  and M g. The 

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

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3.2 Proposed Formation Control Scheme 17

Leader

Follower

Figure 3.3: I — a control configuration

3.2.2 Kinematic Analysis

Position Analysis. It is necessary to  do the  kinem atic analysis in order to  find the errors 
and in p u t/o u tp u t equations. They are very im portan t in order to  find the control law of 

the I — a  scheme. Furtherm ore, Z12, ol 12, Z12 are solved in the position analysis.
The moving body frames of bo th  the leader and the follower helicopters are considered 

(Fig. 3.3). Two points, point p\ ,  attached to  frame {1} , and point p2, 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 p /i =  / i2 COsai2ii +  / i2 sino:i2j i  +  2 i2k i  (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:

P f /}2 =  - < ^ 2  (3-16)

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

separately as follows:

P^0) =  x i h  +  y iji  +  z ik i (3.17)

P̂ 0) = x2ii + y2ji + Z2&1

All the vectors will be expressed in frame {1} for simplicity of formulations. The transfor-
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m ation m atrix  th a t transform s frame {1 } into the inertial frame {0 } is:

R ■01

c'ifji cOi — sipi c<f)i + cijji s6i scf)i 
sipi c#i ci/’i ctfii + sijji s9i scj)i 
— sdi c9i s<f>i

Slpl S(f)l +  Ci/q s9\ C(f>l 
— Ci/q S(f)\ +  s ^ l  S^l C(/q 

C9i C(j>\

(3.18)

where s =  sin and c =  cos; i/q, 91, and <j)l are the  yaw, pitch, and roll ro tational degrees of 
freedom of helicopter 1. These Euler angles define the orientation of the body frame with 

respect to  the inertial frame. Similarly, R 02 will consist of ip2 i 6 2 > an-d 4>2 - Then, the  inertial 

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

>(1)  -p(o)
R 01P 1

, ( i )  _ R o iP 2
(0)

(3.19)

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

P ^  +  P ^ P ^  +  P.( l )  _  - p ( l ) , ( l )
P /2

(3.20)

Since the position of the leader, P ^ ,  and the position of the follower, P ^ ,  are assumed to  

be known from on-board sensors, all term s in Eq. (3.20) are a t hand except P  ■1') ■

■p(l) _ p T  p ( 0 )
p / 2  ~  R > 1 % /1

, (2)
p / 2

>T p ( 0) pi n
~  p/ 2

or
p(0)   n pv
P p /2  — 02 p/2

, ( 2 )

Combining Eq. (3.22) and Eq. (3.23) results in:

P p /2  =  R 0 l R 0 2 P
(2)
p / 2

Therefore, Eq. (3.20) becomes:

p /2 -

(3.21)

(3.22)

(3.23)

(3.24)

,(i)
p / i

pv-o  p r  /p(o) p (w \ 1 p T  p  p i
— •K '0 l l " 2  “ M  J +  Jr{'0 1 « -0 2 rp /2

>(2 ) (3.25)

where P ^  =  [0 , 0 , - d ] T .

As long as position and orientation of {1} and {2}, i.e. [aq, yi,  z i ,  i/q, 9i, 4>\\ and [2:2 , V2 , %2 , i>2 , ^2 , <fc]> 
are known from the  on-board sensors, the components of P ^  =  [Pp/ i x , Pp / iy , Pp/ i z]T can
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3.2 Proposed Formation Control Scheme 19

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

=  +  <3'26)

a i 2 =  arctan  ( J “̂ ly ) (3.27)
*pf lx

z i 2 = Pp /u  (3.28)

Note th a t these three form ation param eters will be the  controller ou tput, i f ) 2 , the yaw 

angle of the  helicopter, will be the  fourth output. Defining the desired values for 112, a  12, 

z \ 2  and V>2 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 Z12, b i 2 , and i i 2 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:

P «  = V<1} + (i12 +  z 12) +  x (112 +  z 12) (3.29)

On the other hand, the  velocity of point p  in term s of the  velocity of the follower’s center
of mass can be w ritten  as:

p(2) =  v<2) +  <42) x djj2) (3.30)

• (2)
F irst Pp m ust be w ritten  in frame 1. We have:

F f )  =  R & p(°) (3.31)

P W  =  R&P<°> (3.32)

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

P f } =  R oiR o2l f } (3.33)

Also,

and

V j1} =  R ^ V S 0) (3.34)

V f  =  R ^ v f  (3.35)
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3.2 Proposed Formation Control Scheme 20

Now, combining Eq. (3.34) and Eq. (3.29) results in:

P «  =  Rgi'v[°:’ +  (ii2 +  Z12) +  X (lia +  zia)

And combining Eq. (3.30), Eq. (3.33) and Eq. (3.35) gives:

P «  = R&RoatR&V^ + w<2) x d<2))

Now, we can combine Eq. (3.36) and Eq. (3.37) to  solve for lx2 and z i2:

(i12 + zia) = R o i(v f  -  vS0)) + R&Ro2(<4 2) x d<2)) -  x (112 + z12)

(3.36)

(3.37)

(3.38)

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

lefthand side of Eq. (3.38), I12 h i 2 and iq2 can be calculated. The RHS is assumed as P0 (1)

or V ( i )
;p/1 '

l \ 2  cos ol\ 2  — 1̂2^12 sin 0:12 Vp/lx
I12 sin a i 2 +  1̂2^12 cos ax2 = Vp/ly

*12 1 8* 1

p / 1

(3.39)

from which we can find:

(3.40)l \ 2  ^p/ix  cos ol\ 2  T  Fpf-^y sin oq2 

«12  =  {Vp/iy cos 012  -  V^/ix s in a i2)/Zi2

^12 Vp/lz

Acceleration analysis. The derivation of the input-output description for the control 

system needs the information about the acceleration of l i2 and z i2. They are obtained by 

relating the  absolute acceleration of the control point p  a ttached to  the  follower and the 

absolute acceleration of the centre of mass of helicopter 2. Consider two coincident points, 
p i  and p2, a t the  instantaneous location of the control point p. I t ’s assumed th a t point p\  
is attached to  frame 1 and point p 2 is attached to  frame 2 . and aup 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:

,(D = ai 1 + O12 + zi2) + 2  ̂ x (li2 + z12) (3.41)

+   ̂ X (ll2 +  ZJ2) +   ̂ X (u;̂   ̂ X (1x2 +  Z12))

On the other hand, the  acceleration of point p  in term s of the acceleration of the follower’s
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3.2 Proposed Formation Control Scheme 21

center of mass can be w ritten  as:

4 2) ^  a 22) +  ^ 22) X d 22) +  w 22) X (w 22) X d 22)) 

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

4 X) = Bot4 0)

a f  =  R& a™

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

, ( i ) T  i

R.oiR.o2a :
(2)

'P

Also:
jjl1) _  T a (°) 
a l  —

„(2)   p T<t2 — xv02ct2

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

=  R o ia i0) +  (i'i2 +  z i2) +  x (ii2 +  z i2)

+  d>^ x ( l i2 +  z i2) +  x ( w ^  x ( l i2 +  Z l 2 ) )

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

Combining Eq. (3.42), Eq. (3.45) and Eq. (3.47) leads to:

4 1'  =  B & B « ( B & 4 0> +  u .^  x d ™  +  X x  d ^ ) )

Solving Eq. (3.48) and Eq. (3.49) for the vector l i2 +  z i 2 gives:

(2) v ^ (2) . ( 2 ) ,(2) v d(2)>

_ R T (0) JX0i a i  ̂ x (112 +  z i2) — ! x ( li2 +  z i2)

- u ; ^  x x (112 +  z i2)

( i )

(3.49)

i'12 +  Z i 2 =  R g i 4 0) +  RoiR -02(d42) X d£2) +  u f  x { u f  x d<2))) (3.50)

Eq. (3.50) m ust be solved for Zi2, d i 2, and z i2. To simplify the  solution procedure, the 
righthand side of the Eq. (3.50) is w ritten  in the following form:

I12 +  z X2 =

c o s a l2 -Z i2 s in a i 2 0 —2 Zi2Q!i2 sin a i 2 — Zi2dx2 cos a:i2
s i n a l 2 l \ 2  COS « i 2 0 d \ 2 + 2 Zi2d i 2 cos a i 2 +  Zi2d i 2 sin aq2

0 0  1 _ .  ^12 0

(3.51)
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or equivalently:

l l2 +  Zl2 =  A ]Zi +  B i (3.52)

3.2.3 Input-output Equations

To find a controller law th a t determines the inputs [T , M^,, M g ,  T t ] t  based on the errors 

in the outputs, the  input-output description of the control system is required. Eq. (3.50) 
contains the ou tpu t derivatives. It also contains the acceleration of the follower 2. Note 

th a t the  dynamic equations, Eq. (3.13) and Eq. (3.14), also relate u>2 and ao to  the inputs. 
If the accelerations of the  follower in Eq. (3.50) are substitu ted  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:

.(°)
u i

VI —  — R o 2 b o

T

M g
H--------R 02

— D x

- D y +
'  0  '

0
m M g m

. ~ D z  .WJ
. T t  .

.  9  .

(3.53)

where

where

and

bo =
0 0 0 0
0  0  0  - 1

- 1 0  0 0

4 0) =  C iu  +  D i

Cx =  — Ro2bo 
m

D i =  — R 02 
m

' - D x ' '  0  '

— Dy + 0

. ~ D z  . . 9 .

(3.54)

(3.55)

(3.56)

(3.57)

In  Eq. (3.14), it is assumed th a t I xz is negligible. Now, Eq. (3.14) can be rearranged. It is 

repeated here for convenience.

,-,(2) _  Wry ---

M (j)/ I Xx

{ M g  + T l r ) / I y y

L ( T T lr -  K m T ) / I z

- I  l { u f ) x I<42)) (3.58)
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In Eq. (3.50), x d ^ ; appears ( d ^ ; =  [0,0,—dz]'1'). This term  can be calculated as:l(2) l (2)

^ 2̂  X d 22) =

- d ^ i M e  + T l r ) / I y y

diMfyj Ixx 
0

x  I w f )  x d f  (3.59)

/ . ( 2)a>2 ' x d ^  =  C 2U +  D 2

where

C 2 =
d  'F l 0  d. '2 /  1-y ’j

0  d i f l xx  0

0 0 0

D 2 =  - [ I - 1 (a42) x x d1(2)

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

A 1Z 1 +  B i =  R q^C iu  +  R,qjR.o2C2u  +  Rq^Ro2D2 

+  R £ R 02(u42) X (w<2) x d<2))) +  R& Dr

-  R ^ a f } -  2u>[l) x ( ii2 +  Z12)

-  x ( li2 +  Z12) -  x (w ^  x (I12 +  Z12))

Zi =  A 1 1(Rq1C i +  R o1R o2C 2)u +  fi +  gi

or

z i =  fi +  b iu

where

fi = A r ^ R ^ R o . ^ f  x ( u , f  x d f ))].(2) v j ( 2)> R t  ° (0) r t nL01a l

2w[  ̂ X ( li2 +  z i2) — > X (lx2 +  z 12)( 1)

— x (a;)1-' x (I12 +  Z12)) — B i +  R ^R i^D ;}  +  A x 1(Rq1D i) 

b i  =  A ^ 1 (R q iC i +  R 01R 02C 2)

.(i)

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

Eq. (3.65) contains only three components of the  ou tpu t ( li2 , a i 2 ) and z i2). The last 
component ^ 2 should be added using the kinematics described in Eq. (3.9). The th ird
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component of Eq. (3.9) is given again:

=  (sin <f> sec 8 )ojBy +  (cos^sec 9)u>bz (3.66)

The tim e derivative of the above equation is:

( 2 )=  {4> cos (f> sec 0 + 8  sin 6  sec 0 tan  9)u>2 y (3.67)

+  (—0 s in 0 sec 0  + 0 cos0 sec0 t a n 0 )a4 ^

+  s m 8 sec 6 (Mg + T l r) / I yy + cos 0 sec 0 (1 ^  — kmT ) / I zz) 

+  (sin <f> sec 9) 0,2 +  (cos <j> sec 9) 03

Note th a t the  subscript 2 is dropped from Eq. (3.67) for simplicity. Eq. (3.67) can be w ritten  
in the standard  form:

= h  + b 2u  (3.68)

where

u

T

Mtf,

M e

Tt

(3.69)

h
/9\

(<f> cos (f> sec 9 + 9 sin 9 sec 9 tan  9)u>,2 y
(2)+  (—4>sm4>sec9 +  0  cos 0  sec 0  tan  0 )oj22 

+  (sin (f> sec 0 )a 2 +  (cos cf) sec 0 )0 3

(3.70)

b2 = sin 6 sec 0lr cos 0 sec $kn>, n  sin <j> sec th e ta  cos 0 sec 9
T T V  T T (3.71)

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

i n T

« 1 2 __ fl +
bi M 4,

212 M g

i>2 .  . . 6 2 . . T t  .

(3.72)

or
z =  f  +  bu (3.73)
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3.2.4 Sliding M ode Controller D esign

In the previous section, the input-output equations were found through kinem atic analysis. 

A feedback control law for controlling inputs [T, M^, M q, Tt ]t  is to  be determ ined to  control 

helicopter 2  such th a t the desired distance l f2, view angle a f 2, and height offset z f 2, all of 
which are defined in frame 1, are m aintained. Meanwhile, the yaw angle of helicopter 2, ip2, 
follows a desired trajectory.

The sliding mode control m ethod is employed in the controller design process. Sliding 

mode control m ethod is a model based control strategy. Assume some param eter uncertainty 

exist.
The input-output equation with the nominal param eters is written:

z =  f  +  bu (3.74)

I t is first assumed th a t the actual input-output model w ith uncertain param eters and dis­

turbance as:
z =  f  +  bu +  w  

Four first order surfaces are defined as:

s =

S l { h 2 - i dn )  +  \ i { h 2 - l dn )

S2 ( d l 2  — a f 2 ) +  A2 ( a i 2  -  a f 2 )

«3 ( h 2  ~  z f 2) +  A3 ( z i 2 -  z f 2)

.  S 4  . (V>2 -  1P2 ) +  ^ 4 (^ 1 2  -  ^ 2 )

For simplicity in notations, the following is defined:

S — Z — Sr

(3.75)

(3.76)

(3.77)

where

sr =  z d — A(z — z d) (3.78)

and A =  diag(Ai A2 A3 A4 ), A; >  0. The following control law stabilizes the  outputs:

s

where

u =  b x(—f +  sr — k • s a t(— ))

sat(x)

(3.79)

(3.80)

where k =  diag[Aq, &2 , £3 , and s /A  =  [s i /J i ,  S2 /S 2 , 53 /^ 3 , s ^ / 5 ^ .  61 to  £4 are the 
boundary layers of the surfaces, and ki  to  Aq are the controller’s nonlinearity gains.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



3.3 Simulations 26

The boundary layers prevent the chatter of the tra jectory  about the  surface a t the 

cost of slower surface approach. If k is large enough, the controller will work despite 
param eter uncertainty. The following bounds are assumed for the  param eter uncertainties 

and disturbances in order to  determ ine the  controller nonlinearity gains:

| f - f | < F  (3.81)

|w | <  W  (3.82)

b  =  (I +  C)b (3.83)

\&ij\ < A ij i , j  =  1..4 (3.84)

Based on these bounds, the nonlinearity gains can be determ ined such th a t the reaching 

conditions

Si ■ Si < -r]i\si\ r ] i> 0  i =  1..4 (3.85)

are satisfied, where r)i > 0 determines the reaching speed. This is done by substitu ting  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 m anipulation, rearranging in term s of k\  to  

k 4 , and applying inequalities (3.81) to  (3.84), the following condition can be obtained [29]:

4 4

(1 — Au)k i  +  y  ] A i jkj  =  Fi +  Wi  +  rji +  ^  ] A ij | — f j  +  srj  | (3.86)
j = i

W hen ki’s satisfy Eq. (3.86), it is guaranteed th a t the outputs reach the surfaces despite the 

existence of param eter uncertainties and disturbances defined Equations. (3.81) to  (3.84). 
After the ou tputs are on their corresponding surfaces, s i to  .sq are zero. Therefore, the 

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

3.3 Sim ulations

Numerical simulations show the  effectiveness of the controller design. In the  simulations, Aj 
are selected to  be 1. Aj can be any positive number. The value of 1 for all Aj proves to  give a 
fast converge of the simulations. The boundary layers (51,3= 1 .0  m /s, ^2,4 =  f  rad /s  are used. 
These boundary layers minimize the chatter about the surface. The numerical values of the 
nominal dynamic param eters of the helicopters are corresponding to  the Ikarus ECO small 
electric helicopter, which has been determ ined by experim ental param eter identification
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[16]:

m  — 1.36 kg 

i yy =  0 .2 2 1  kgm 2

lr =  0 .1  m

I xx = 0.137 kgm 2 

i zz =  0.0323 kgm 2 

It =  0.635 m d =  1.0 m

(3.87)

3.3.1 Taking Off

T he first sim ulation set is to  sim ulate the m otion 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 m otion in either a>axis or y-axis direction. It only has 
an upward speed of - lm /s  (the positive direction is defined downwards) in the  z  direction. 
The follower receives a command to  follow the leader in the way th a t the lateral distance 
is lf2 =  10 m, the view angle is a f 2 — 7t / 2  rad, the vertical distance is z f 2 — —1 m, and 

a yaw angle is ip2 =  0 rad. Figures. 3.4 to  3.5 show the states of the follower. As seen in 

Fig. 3.4(a), the  x  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 
w ith the  leader’s. For the velocities, the  x  component is zero; the y  and z  components have 

some fluctuations a t the  beginning, bu t go to  zero a t around 10 seconds and 5 seconds, 

respectively. The roll component of the Euler angles <p undertakes some fluctuations, then  

converges to  zero. Both the pitch 0 and yaw ip components are zero. For the angular 

velocities, the y  component and the z  components are around 0  rad /s; the x  component has 

some fluctuations a t the beginning, bu t moves around 0.03 rad /s  afterwards. Figures. 3.6(a) 
to  3.6(b) show the form ation param eters and control forces. I t  can been seen th a t I12 begins 

a t 15 m, bu t approaches the desired value of 10 m as specified in the simulation; 012  is t t/2 
rad; z \ 2  goes to  -1 m as desired after around 10 seconds; and ip2 is constantly 0. The control 

forces are: 14.4 N for the  m ain rotor th rust, 0 Nm for the tail rotor th rust, -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  sim ulation results th a t the effectiveness of the new controller has been 
verified. From the 3D drawing of the  two helicopters’ trajectories (Figures. 3.7), it is noticed 
th a t the follower does follow the leader’s taking off perfectly. The controller displays good 

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

3.3.2 Sinusoidal W ave M ovem ent

This p a rt is to  sim ulate the m otion of the follower when the leader is moving on a sinusoidal 
pa th  in the x  — y  plane. For the leader helicopter, the initial position is (0 ,0 ,0) m. The 
leader has a constant velocity in the x-axis direction, while its velocity in the y-axis direction 
is 1 x sin(£ +  tt/2)  m /s. The leader has no m otion 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) Form ation param eters, (b) Control forces of the controller when the  leader 
is taking off.
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Figure 3.7: Trajectories of bo th  helicopters when the leader is taking off.

s tarts  a t (0,15,0) m and receives a com m and to  follow the  leader in the way th a t the  lateral 

distance is l f2 — 10 m, the view angle is a f 2 =  7r/ 2  rad, a vertical distance is z f 2 = —1 

m, and a yaw angle is ip2 = ® rad. Figures. 3.8 to  3.9 show the  states of the  follower. As 
seen in Fig. 3.8(a), the x  component of the helicopter is increasing w ith 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 x  component initially has some fluctuation, 

however, it approaches to  1 m /s  w ithin 10  seconds; the  y  component is a  sinusoidal wave; 

and z  component has some fluctuations a t the  beginning, but goes to  zero faster th an  the 
x  component. The roll component of the Euler angles <f> undertakes a sinusoidal change, 

the pitch component of the Euler angles 0 has some fluctuations a t the beginning, but 
goes to  around -0.075 rad  at around 10 seconds. The yaw components of the Euler angles 

ip is zero. For the angular velocities, the  y  component and the z  components have some 

fluctuations a t the beginning, bu t moving around 0  ra d /s  afterwards; the x  component has 
sinusoidal lateral motion. Figures. 3.10(a) and 3.10(b) show the  form ation param eters and 
control forces. It can been seen th a t Z12 begins a t 15 m, but approaches the  desired 10 m 
as specified a t the beginning; 0:12 is 7 r/2  rad; z u  goes to  -1 m as desired after around 10 
seconds; and ip2 is constantly 0. The control forces are: 13.4 N for the m ain rotor th rust, 
around 13 Nm for the tail ro tor th rust, -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 th a t the follower does follow the  leader’s sinusoidal 

motion perfectly. Furtherm ore, the  controller displays good tim e response.

3.3.3 Circular M ovem ent

This sim ulation set is to  simulate the m otion of the follower when the leader is moving on a 
circular pa th  in the x  — y  plane. In this case, the  initial position of the leader is (10,0, —4) 
m. The leader moves in a counterclockwise circle w ith radius of 10 m in the x  — y  plane 

a t the height of 4 m and the linear velocity is 1 m /s. Both helicopters’ yaw angles s ta rt at 
7 t/2  and the  yaw angle ra te  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 ro ta te  

such th a t their local x-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 th a t the  lateral distance is l f 2 — 10  m, the view angle is a f 2 = 7t / 2  rad, a vertical 

distance is z f 2 =  —1 m, and the yaw angle ra te  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 x  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  x  
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 <j> undertakes a sinusoidal change. The pitch component of the Euler 

angles 6  has some fluctuations a t the beginning, bu t moving around 0 rad  afterwards. The 

yaw component of the Euler angles ip is around 1.16 rad. For the angular velocities, the 
x  component and the y  component have some fluctuations a t the beginning, bu t moving 

around 0 rad /s  afterwards; z  component is around 0.1 rad /s . Figures. 3.14(a) and 3.14(b) 

show the form ation param eters and control forces. I t  can been seen th a t Z12 begins a t 2 m, 

and approaches the  desired 7.5 m as specified in the simulation; a i 2 is t t /2  rad; z i2 goes 
to  -1 m as desired; and V;2 is around 1.15 rad. The control forces are: 13.32 N for the 
m ain rotor th rust, and 0.3754 N for the tail rotor th rust; 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 th a t the follower does follow the leader’s circular pa th  perfectly. Furtherm ore, the 
controller displays good tim e 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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C h a p t e r  4

C o n t r o l l e r  D e s ig n  w it h  R o t o r ’s A c t u a t i o n  C o m m a n d s  a s  

I n p u t s

In  previous chapter, a sliding mode controller with forces and moments (T, and
Mg) as ou tputs was developed. However, in a real helicopter system, the  actuation is the 

positions of the servo m otors th a t drive the ro tors’ control mechanism. The changes of 

these positions create the collective and cyclic pitches of the m ain 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 m otors’ 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 im portant to  include its model w ith the ro to r’s actuation model and to  

consider the flybar effect in the controller design. In  this chapter, the sw ashplate’s cyclic 

roll and pitch actuation commands and the pitch angles of the m ain and the tail blades are 
assumed as the ou tputs of the controller.

4.1 R otor’s A ctuation  m echanism  M odel

Flybar is an aerodynamic dam ping device th a t is a fundam ental stability  augm entation for 

the m odern helicopters. Due to  the  complex nature of flying a  small scale helicopter via 

rem ote control, assisting the pilot in stabilizing the aircraft is desirable [14]. This section is 
to  model the flybar w ith the m ain rotor blade and the fuselage movement. An assum ption 
through the derivation is th a t the rotor system does not apply reaction forces back to  the 
actuators (including the flybar). This is a reasonable assum ption since the airfoil of m ain 
blades is symm etric and the  blades are hinged along the center of lift. Ideally, the moment 
required to  ro ta te  the blade a t 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 actuato r by the  movement
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Bell Input-  

Hiller Inpiit: M ain R oto r B lade

Flybar
Slider

Swashplate

Roll S e rv o  Input 5$ P itch  S e rv o  Inpu t 60

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 w ith 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  m ain blade pitch. The p ilo t’s cyclic control input Sg and 8 ^ are the 

displacements of the  lower swashplate as per Fig. 4.1. There is direct relationship between 

the cyclic input applied to  the m ain blades ScyC (which is a  function of So and 5^) and the 
cyclic angle of the rotor blades 9cyc. A  similar relationship exists between the cyclic input 
applied to  the flybar 5fiy and the  flapping angle of the flybar (3 [16]. The orientation of the 
m ain blade w ith respect to  the x  axis of the helicopter body frame is given by £.

The following control inputs are assumed:

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

•  5^ and Sg: the  pitch and roll commands th a t vary the the ro tor blades’ cyclic pitch 
9cyc around every cycle of rotation, therefore create the pitch and roll moments

• 9 The collective pitch of the tail rotor blades

In the mechanism, the inputs are [90, S^, Sg, 9^\T and the ou tpu t are [T, M ^, Mg, Tt ]t ■ 
Internal variables include the rotor orientation £ and the  flybar flapping angle [3. n  and
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4.1 Rotor’s Actuation mechanism Model 43

B  are the num ber of the blades and the  constant loss factor, respectively. The loss factor 

takes into account the fact th a t a finite length airfoil would lose some of the  lift generated 
due to  the wing tip  vortex effect [13]. I t  has the  equal effect th a t the  length of blade is 

reduced by a factor of B ,  which is around 0.97.
The following equation holds [16]:

T = ^ a c p i r R 3 C l \ ^ e 0 - ^ \ )  (4.1)

where a is the blades’ correction factor for velocity, c is the  w idths of the  m ain blades, p is 

density of the  air, R  is the radius of the m ain blades, Cl is the angular velocity of the m ain 

blades, A is the inflow ratio, which can be w ritten  as follow [16]:

x = v- ^ r  <4-2>

where v f’3 is the component of the helicopter velocity in the z  direction of the helicopter’s 

body coordinate, v % is the velocity of the air through the rotor blade. v t is to  be determ ined 

empirically and is between 0.6 to  0.9 times v^,t . Here, for simplicity, A is considered as 0.
For the  tail rotor, relationship between the pilot input and the  force ou tpu t can be 

expressed [16]:

T t  =  -acT p7r(i? ri3 -  R t 2 3 )CIt2 ~ y (4-3)

where cy, R t i  — R t 2 , are the width, the length and the angular velocity of the tail 
rotor, respectively.

The relationships between the roll moment and the roll cyclic pitch command

and between the  pitch moment Mg and the pitch cyclic pitch command Sg ) are as follow

[16]:

n p C fa cR ^B 4  , L 3 L 8x T r r r  , r  \ u Bx
*  =  (Z-2 +  r 3) ~ L g ~  -  L 2 l 4 l 3 )  -  aiL lL2 + i s ) l T  (4'4)

n r  _  n p C f i a c R ^ B 4  L 3 L 8 s  T T ^  T r  , r  ^ B y

M‘ = m ^ + U ) ( (_r r  _  2 " “ 4 1 2 + s)~sT
(4.5)

where u>bx and u b v are the inertial angular velocities of the  helicopter in the x  and y 
directions expressed in the body frame, and L i, L 2 , L 3, L4 , L5 , Lq, L7 , L$, and Lg are the 
corresponding lengths of the linkages in the ro to r’s actuation mechanics (Fig. 4.2).

For sim ulation purpose, the flapping angle (3 (the angle between the  plane of the main 

rotor and the plane of the flybar) is approxim ated as a sinusoidal function [16]. This 
assum ption can be m ade because the tim e th a t one rotor revolution takes is small enough, 
and (3max and £,max can be assumed constant during th a t time.
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Main Rotor Blade

S lider

Figure 4.2: Length of the  linkage in the  model helicopter’s rotor-flybar assembly structure

(d — fdmax C0S(£ £,max) (4.6)

Fig. 4.3 shows (imax and £TOOX in the m ain rotor plane and flybar plane. /3max and £max are 
obtained as follow:

COS ((3max) =  k 'k  (4.7)

where k ’ =  [0 0 l] r , which is perpendicular to  the flybar plane; and the expression of k  is 

given in Eq. (4.8), which is perpendicular to  the  m ain rotor plane. It is equal to  project k ’

Xi

Main Rotor Plane

'max.

Flybar Plane

Pmax Z 1

Figure 4.3: (3max and £max in the  m ain rotor plane and flybar plane
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in the m ain ro to r’s frame.

kr 1 ' 0 '
k = kr 2 = e(yx)9 e(*x)<£ 0

kr3 1

imax -  a r c t a n ( ^ )  kr i
For simplification, all the derivation can be expressed in the m atrix  form:

Or

where

T A n  0 0 0 Bo 0

Mp
OO0

5p
+

b 2

M e 0 0 Ass  0 8 e Bs
Tt 1

OOO
1 Bp 0

T ' B0 '
Mp

M e
— A 8 p

8 e
+  B sp

Tt Bp

u =  A spu'  +  B sp

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

A n  =  ^acpTrR^Q,2^
a npQ^acR^B^

=  le id ^ + L s ) " 3

3

3“
LuLh

l 9

b 2 = 

b 3 =

A n t f f ac l t 1 IS1 L3L$
^ 33 16LEM+LA 3 Lg

A44 = | acTpir(RTi3 — Rt23)^T2̂ ~
I6L1 (L2+L3 {a ^L 2 L 4 l3 rnax cos £max + a 4 L i ( L 2 +  L 3 ) ) ‘i^ f f -  

• 1 S L iff+ C  (Q3L 2L 4 (3 m a x  sin£max + a 4 L i ( L 2 +  L3) ) ^

(4.13)

Note th a t the m atrices A sp and B sp include uncertain param eters, 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  I — 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 m ainly investigating the new form of the  input-out equa­
tions, and the  new sliding mode controller.

and relationship is required. Eq. (3.50) contains the output derivatives. I t  also contains 

the  acceleration of the follower 2. As explained in the previous section, Eq. (3.13) and 

Eq. (3.14), also relate 6j 2 and a  to  the  inputs. If the accelerations of the follower in Eq. (3.50) 
is substitu ted  for from Eq. (3.13) and Eq. (3.14) and then  consider Eq. (4.12), the input- 

ou tput relations are obtained. The details are as follow:

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

To find a controller law th a t determ ines the inputs [0o,S(f>,Sg,6^]T , the input-output

a f ] =  C i u  +  D i  

ajj =  C i(A spu/ +  B Sp )  +  D i =  CiA^piT +  C iB Sp +  D i

(4.14)

(4.15)

or

aj,2) =  C / iT  +  D / (4.16)

where

CV =  C iA sp (4.17)

and

D i ' =  C iB sp +  D i 

Substituting Eq. (4.12) into Eq. (3.59) gives:

(4.18)

■2 _
(2) _

— B z )  +  ( A \ \ 0 o -  B \ ) l r ) / I yy  

^ 2 ( ^ 22^  -  B 2) / I Xx 

0

(4.19)

Substituting Eq. (3.75) into Eq. (3.60) gives:

4 2) X d f  =  C 2(A spu ' +  B sp) +  D 2 =  C 2 A spu ' + C 2 B sp +  D 2 (4.20)

or

(4.21)

where

C 2' =  C 2A Sp (4.22)

and

D 2' =  C 2B Sp +  D 2 (4.23)
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or

Eq. (3.50) is combined with Eq. (4.21) and Eq. (4.16) gives:

A iz i  +  B i =  R q ^ C i'u  +  R ^ R o 2 C 2 'u  +  R 01R 02D 2 (4.24)

+  R£iRo2(u42) x (u ; f  x d<2))) +  R oiD i'

-  Roia i°̂  -  x (ii2 +  z i2)

-  x (I12 + z i2) -  x (w[1} x (I12 +  Z12))

Z! =  A ^ o i C i '  +  RgiRo2C2/)u/ +  fi' (4.25)

zi =  fi' +  bi'u' (4.26)

where

f , ' =  A r 1[R^1R o 2 ( ^ 2 )x ( ^ 2 ) x d f )) ) ] - R ^ 1a i0) (4.27)

— 2u>^ x  ( i i 2 +  Z 12) +  R q i W i  — x  ( I 12 +  Z 12)

-  u41} X x  (112 +  z 12) )  -  B i  +  R & R 02D 2'  +  A ^ R & D i ) '  

b /  =  A rH R o iC i ' +  R ^ C s ' )

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

ij) =  (<j) cos 4> sec 9 + 9 sin 6  sec 9 tan  9)u>^J 

+ (—4>sm4>sec9 + 0 c o s 9 se c 9 ta n 9 )u j^

+  s in 9 se c 9 (A 3 3 5 d -  B 3 + (A u 9 0  -  B i ) l r ) / I yy 

+  cos9 sec9 {{A ^9 ^ ) lr -  K m {A n 9 0 -  B { ) ) / I zz) 

+  (sin 4> sec 9)a 2 +  (cos <?!> sec 9 )0,3

(4.28)

Note th a t the subscript 2 is dropped from Eq. (4.28) for simplicity. Eq. (4.28) can be 
w ritten in the standard  form:

(4.29)

where

V>2 =  h  +  b 2u  

90

Scj,u =
Se
9f

(4.30)
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f 2 — (<jI cos <j> sec 9 + 9 sin 9 sec 9 tan  9)u>9^2 y

+  (—4>sm<psec9 + 9cos9sec9tsLn9)oj2z 

+  (sin 4> sec 9) a<i + (cos <fi sec 9) az 

+  s in 0 se c 0 ( —£ 3  — B \ l r) / I zz +  cos9sec9kmB i / I z

(4.31)

b ',= s in  9 s e c  0lrA-\-\ c o s #  sec  QkmA-\-\ n  s in  sec  # A 33 c o s  0 sec
T  T  W  T  T . ./44 (4.32)

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

Zl

h i
«12

+
b i

4> 1
1-1

1 f i b>2

(4.33)

or
z  =  ?  +  b'u' (4.34)

4.3 Sliding M ode Controller D esign

A new feedback control law for controlling inputs [90 ,S(f),§B,9^}T is determ ined to  control 

helicopter 2  such th a t the desired distance l f2, view angle a f 2, and height offset z f 2, all of 

which are defined in frame 1, are m aintained. Meanwhile, the yaw angle of helicopter 2, 
follows the  yaw of helicopter 1. The sliding mode control m ethod is again employed in 

the controller design process. It is noticed th a t the design procedure is the same as before, 
except the new input-output equation for the nominal param eters is considered:

z = f '  + b 'u ' (4.35)

4.4 C alculation o f the Control Gains

The I — a  controller’s nonlinearity gains are determ ined according to  Eq. (3.86). r/j’s in 
Eq. (3.85) are selected to  be 1.0 for a fast convergence of the approaching phase. O ther 
assum ptions are the maximum velocities for the helicopter along x, y, and z  axis directions 
are 2 m /s  and the maximum angle velocities along x, y, and z  axis directions are j  rad /s . 
The following analysis is employed.

C is derived according to  Eq. (3.84). For the param eters I xx, I yy, I zz, K i, K 2 , K 4 , 
K 5 , and Kq (only K 4 and K e  appear in the Fly-Bar dynamics), they  are identified with 
average values with standard  deviation [16]. A program  is w ritten where a loop is applied.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



4.4 Calculation of the Control Gains 49

Table 4.1: List of param eters identified using the system identification m ethod (adapted 
from [16])

Param eters Average values with standard  deviation
IXX 0.137 ±  0.0228 kg-m2

lyy 0.221 ±  0.0478 kg-m2
J-ZZ 0.0323 ±  0.00234 kg-m2
Kx 0.886 ±  0.00954 N-s-kg-Lm -1
k 2 1.12 ±  0.250 N-kg_1-m_1
k 4 976.676 ±  161.748 N-kg-Udeg-1
k 5 27.7 ±  1.20 N -s-kg-U deg-1
k 6 5760 ±  302 N-kg_1-deg_1

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

C-
F  is obtained using Eq. (3.81). I t  is noticed th a t besides the  uncertainties appear in 

the expression of f, different initial velocity conditions also result in different f. Using 

the assum ptions about different velocities and angular velocities above, a 0.1 increment
for the velocities ranging from 0 to  2 m /s  and 7r/80 increment for the  angular velocities
ranging from 0 to  j  ra d /s  are selected in a loop to  find the maximum f  additional to  the 
uncertainties consideration.

For the  | — fj  +  sr j | part in Eq. (3.86), it is also assumed that:

*12 ~  *12 <  10 m  (4.36)

a 12 ~  a 12 ^  7r ra<l

Z12 — z f 2 <  10 m 

012 — 012 <  TT rad

The first equation in Eq. (3.76) can be rew ritten as:

s i =  ei +  Aiei (4.37)

where

ei =  *12 -  *12 (4.38)

ei =  *12 -  *12
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W hen sliding surface is zero, one can get

e\ +  Aiei =  0 (4.39)

The maximum value for l \ 2  =  10 m is obtained when e\ =  10 and l f 2 — 0 are both 

satisfied. In  the similar way, the maximum values for b i2 =  t t ,  z \2 =  10 m, and '<p2 = t t  are 

determined.
For the disturbance W ,  as an example, the wind is applied only in the  y  axis direction. 

Also, it is assumed th a t the  wind is applied to  a flat planar area o f0 .1 5 m x  0 .15m  in the 

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

(4.40)

where f w 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 m entioned above are as follows:

0.2648 0

0 0.1664

0

0

W  =

fj +  Srj |

0 

0

0.2163
0

0.4342 ’ 
0.3460 

0

2.8751

1.8000 

0.1314 
0 

0

36.8686 

17.999 
16.0337 
0.5855

0

0

0

0.0724

(4.41)

Finally, the  following values are determined:

ki = 17.6782 k 2 = 5.0449 k 3 = 5.7012 k4  =  4.2231 (4.42)
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4.5 Sim ulations

Numerical simulations show the  correctness of the ro tor 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 

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

rh =  1.36 kg I xx =  0.137 kgm2 (4.43)

i yy =  0.221 kgm2 i zz = 0.0323 kgm2 

lr =  0.1 m k  — 0.635 m d =  1.0 m

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 param eters and the 
wind param eters Eq. (4.43) are used to  calculate the bounds of the param eter uncertainty 
in Eq. (3.84).

4.5.1 Taking Off

The first sim ulation set is to  sim ulate the m otion 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 m otion 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 th a t the  lateral distance 

is i f2 =  10 m, the view angle is a f 2 =  7t/2 rad, the vertical distance is z f 2 =  —1 m, and a 
yaw angle is ^  =  0 rad. The results of the  sim ulation in Figures. 4.4(a), 4.4(b), 4.5(a) and 

4.5(b) show the m otion of the follower; Fig. 4.6(a) shows the control param eters £12, «i2) 
Z12 and ip2 - Fig. 4.6(b) shows 0O, S^, do, and 9^. I t is shown th a t 0o has some fluctuations 
a t the beginning and then  reaches 1.35 degree; 5$ undertakes some fluctuation at beginning 

bu t reaches 0 m after 10 seconds; Sg is about -0.01 m; and #,/, is around 5.4 degree. From the 
3D drawing of the two helicopters’ trajectories (Figure. 4.7), it is noticed th a t the follower 
does follow the leader’s taking off perfectly. Furtherm ore, the controller displays good tim e 
response while the control inputs are not too large and physically achievable. Figure. 4.8 

compares the results w ith and w ithout wind disturbance. Trajectories in bo th  case are 
almost identical. This means th a t the controller performances well in the presence of the 
wind disturbance.
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Figure 4.4: The sta tes 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 4.7: Trajectories of both  helicopters when the leader is taking off w ith the wind 
disturbance and the controller in C hapter 4

4.5.2 Sinusoidal W ave M ovem ent

This part is to  sim ulate the motion of the follower when the  leader is moving on a sinusoidal 

pa th  in the  x  — y  plane. For the leader helicopter, the initial position is (0 ,0 ,0) m. The 

leader has a constant velocity in the x-axis direction, while its velocity in the y-axis direction 
is 1 x sin(f +  7t/2) m /s. The leader has no m otion in the 2 -axis direction. The follower 

s ta rts  a t (0 ,15,0) m and receives a  command to  follow the leader in the way th a t the lateral 

distance is l f 2 =  10 m, the view angle is a f 2 =  vr/2 rad, a vertical distance is 4 2 =  - 1  
and a yaw angle is -02 =  0 rad. The results of the sim ulation 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 param eters 
h “2 , o i2 , 2:12 and 1/2• Figure 4.11(b) shows 9a, 6 ^, 6 0 , and 9^. I t  is shown th a t 9a, 5^, and Sg 
present sinusoidal shapes; and 9^  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 th a t the 
follower does follow the  leader’s tra jec to ry  perfectly. Furtherm ore, the  controller displays 
good tim e response.
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Figure 4.8: Trajectories of both  helicopters when the leader is taking off (first 15 sec), 
(a) w ithout the wind disturbance and the controller in C hapter 3, and (b) with the  wind 
disturbance and the controller in C hapter 4
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Figure 4.10: The sta tes 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) Form ation param eters, (b) Control displacement when the  leader is moving 
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Figure 4.12: Trajectories of both  helicopters when the leader is moving on a sinusoidal pa th  

4.5.3 Circular M ovem ent

This sim ulation set is to  sim ulate the  m otion of the follower when the leader is moving on a 

circular pa th  in the x  — 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 x  — y  plane 
a t the height of 4 m and the  linear velocity is 1 m /s. Both helicopters’ yaw angles s ta rt 

a t 7t / 2  and the yaw angle ra te  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 th a t the lateral distance is l f2 =  10 m, the view angle is a f 2 =  p i/2  rad, a 

vertical distance is z f2 = —1 m, and the yaw angle ra te  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  m otion of the follower; 
Figure. 4.15(a) shows the control param eters Z12, a  1 2 , z i2 and rtp2. Figure. 4.15(b) shows 
6„. 5$, do, and 6^. I t  is shown th a t 0o s ta rts  a t 1.28 degree and then  goes to  1.24 degree; 
Sj, undertakes some fluctuation at the beginning but reaches 0 m after 15 seconds; Sg takes 

a sinusoidal wave shape; and 0$ 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 
th a t the follower does follow the leader’s tra jecto ry  perfectly. Furtherm ore, the controller 

displays good response.

For all simulations in this chapter, the results are close to  the  ones in Chapter 3. Note 
th a t the wind disturbance is present in C hapter 4’s simulations bu t not in the C hapter 3’s 
simulations. Therefore, if the controller had not designed properly, the results would have 
been different. Similarity of the results shows th a t the new controller rejects disturbance 
very well.
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Position, and (b) Velocities
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Figure 4.16: Trajectories of both  helicopters when the leader is on a circular path
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C h a p t e r  5

H a r d w a r e  I m p l e m e n t a t i o n

In the previous chapters, two sliding mode controllers, one w ith [T M M g  Tx]T as ou tputs 
and the  o ther w ith [Oq 5^ Sg 6^}T as ou tput, are developed. In this chapter, the  xPC  Target is 
employed as a prototyping environment th a t  connects the  Simulink to  the  physical systems. 
A target PC , as the  controller, downloads and executes the  control code in real tim e in the 

experim ental set. For this project, the hardware to  be controlled is the servo motors of the 

helicopter.

xPC  Target has m any advantages including: High capabilities for fast prototyping and 

hardware-in-the-loop sim ulation of control systems; autom atically generating code and up­
loading the code to  a second PC  th a t runs the xPC  Target real-tim e kernel. I t  also supports 

more th an  250 standard  I /O  boards and offers host-target communications via T C P /IP  pro­

tocol. The graphical user interface (GUI) and MATLAB command-line interface configure 

the com puter to  communicate w ith the xPC  Target com puter as the controller.

For the servo motors, the length of the pulse command applied to  the m otor is propor­
tional to  the position th a t the ou tpu t shaft needs to  move to. The control wire built in the 

m otor is to  communicate the angle to  which the servo should tu rn . The angle is decided 

by the duration of a pulse th a t is applied to  the  control wire, which is called Pulse W idth  
M odulation (PW M ). In every 0.02 seconds, the length of the pulse determines how far the 

m otor turns. A function th a t converts an input servo angle into a corresponding num ber of 
clock ticks to  hold the PW M  signal high and low is found by Michael Dawson, one of the 
summer students in the  laboratory, by test and tria l method:

p =  (0.01 x 1 0 -3) u +  1.5 x 10 -3 (5.1)

H  = f x p  

L  = f x ( T - p )

where /  =  80 MHz is the reference frequency, T  — 0.02 second is the  period, p  is the  pulse 
duration in seconds, u  is the input angle in deg, H  is the num ber of clock ticks to  hold
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Position of Servo 
Motor Convert

Function PCI-6602 S e rv o  M otor

Function-Call
Generator

Figure 5.1: A flow diagram  of hardw are im plem entation

voltage high (Hz), and L  is the  num ber of clock ticks to  hold voltage low (Hz).

The National Instrum ents PCI-6602 is used to  perform pulse generation. The Function- 

Call G enerator is employed to  implement the iterato r operation in the Simulink. On each 

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

A flow diagram  of the hardw are im plem entation 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 
to  be converted to  the  corresponding positions of the servo m otors first, followed by the 
above m entioned hardw are implem entation.

• 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.

• 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, bu t in opposite directions. A known 
angle change of the  swashplate due to  the roll movement is assumed.

• 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 MotoM

Motor3

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

Motorl

Motor2

Motorl (fixed)

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

Motor2 Motorl

Motor3

Figure 5.5: The pitch command. M otor 2 and 3 move the same direction; M otor 1 moves 
opposite to  M otor 2 and 3 and the displacement of M otor 1 is twice of the other two motors.
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C h a p t e r  6

C o n c l u s i o n s  a n d  F u t u r e  W o r k

6.1 C onclusions

In  this work, a control strategy for forming arb itrary  formations of multiple autonom ous 
helicopters was presented. The sliding mode controllers developed in the work only used 

the  state  inform ation of the neighboring helicopters.

F irst, a 6-DOF dynamic model of the helicopter without the ro tors’ 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 m ain ro to r’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 param eters were converted 

to  the servo motors angles. The control of the  actual helicopter servos was also presented.
In bo th  cases, the  control param eters, i.e., th e  relative distances and orientation of 

the  helicopters, were stabilized. The robustness of the  control law were dem onstrated in 
the presence of the existence of param eter uncertainty in the  dynamic model and wind 

disturbances. The effectiveness of the controllers was shown through sim ulation results.

6.2 Future Work

The current results show th a t this autonom ous form ation control strategy is promising, 
however, further work has to  be done in order to  present a complete form ation approach. 

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

• In  this work, the physical param eters used in the  m athem atical 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  m athem atical model, a 
single-input-single-output m ethod is recommended by restricting the motion of heli­
copter to  isolated single degree of freedom.
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6.2 Future Work 70

•  The onboard com puter box design w ith onboard processors, sensors and GPS navi­
gation system  m ust be completed. Program s 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 m ust be calibrated to  the states of the 

helicopters.

• Testbed m ust 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 th a t are fedback to  the controller. In order to  do the above, a test bed 

has to  be designed such th a t it can collect the  states of an attached helicopter, such 

as positions, orientations, and velocities. A real tim e d a ta  collecting system  has to  
be set up th a t collects da ta  both  from the test bed and the helicopter. The hardware 

selection and software interface have also to  be considered. The d a ta  from the  testbed 
and the  helicopter’s sensors then has to  be compared w ith each other to  make sure 
th a t the sensors are calibrated correctly.

• The proposed control scheme is only one of the distributed formations controllers 
required for the  general 3D formation. An additional I — I controller should be de­

veloped to  control the  distance of a  follower helicopter w ith two leader helicopters. 

Combining I — a  and I — I schemes, the complete robust form ation controller design 
for autonom ous helicopter is achieved.
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A p p e n d i x  A

MATLAB a n d  S i m u l i n k  P r o g r a m s

A .l  C ontroller Design: Forces and m om ents as Control Inputs

This part of program  is to  implement the  controller designed in C hapter 4, when the ro to r’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 Param eters formation, Desired Param eters, and Controller.

Com pared w ith the  taking-off movement, it only involves the  change of the initial con­
ditions and the desired param eters 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 C hapter 5, when the 
ro to r’s actuation mechanism of the helicopter considered. It gives the whole Simulink block 
diagram  and the leader part.
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Figure A .l: 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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j i

Figure A .3: The Simulink diagram  for the leader part
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W

Figure A.4: The Simulink diagram  for the  param eter form ation
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Figure A .5: The Simulink diagram  for the desired param eters

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



A.2 Controller Design: Rotor’s Actuation Commands as Control Inputs 81

t3 .3

A i

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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