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Data-Driven Optimal Formation Control for
Quadrotor Team With Unknown Dynamics

Wanbing Zhao™, Hao Liu

Abstract—In this article, the data-driven optimal formation
control problem is addressed for a heterogeneous quadrotor team
with a virtual leader. Each quadrotor is considered as a highly
nonlinear system with six degrees of freedom and the accu-
rate dynamic information of the quadrotor is difficult to obtain
in practical applications. An optimal cascade formation con-
troller, including a position controller and an attitude controller,
is proposed to track a virtual leader and form a predesigned
formation. By using the reinforcement learning (RL) approach,
the optimal formation controller is learned from the quadro-
tor system data without any knowledge of dynamic information
of the quadrotors. Simulation results of a heterogeneous mul-
tiquadrotor system in a formation flight are given to show the
effectiveness of the proposed controllers.

Index Terms—Control, data driven, formation control,
multiagent system, nonlinear system, quadrotor.

LIST OF NOTATIONS

Bl = {215, 214, 21y, 1z} Earth-fixed inertial frame.
EP = {épy, &py, epy, ép;} Body frame.

m Quadrotor mass.

Rf € SO(3) Rotation matrix relating E? to E7.

J = diag(Jy, Jy, Jy) Quadrotor inertia matrix.

g Gravity constant.

ko, ke, 1; Positive constant parameters.

Ugp, Ug, Uy, Uy Quadrotor control inputs.

Iy € RVXN N x N unit matrix.

Opxcn € RX1 m X n zero matrix.

Iy e RV N x 1 vector with 1 as the ele-
ments.

en,j N x 1 vector with 1 in the j th

element and Os elsewhere.
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I. INTRODUCTION

ECENTLY, unmanned aerial vehicles (UAVs) have wit-
Rnessed an increased interest in the research community,
due to their potential applications in fields, such as disaster
relief, forest fire detection, and agriculture industry. As typical
UAVs, the quadrotors are popular for their capabilities to take-
off and land vertically with simple structures (see [1]-[3]).
Furthermore, multiple cooperative UAVs offer superiorities in
achieving complicated tasks, for example, disaster monitoring,
wilderness search, and cooperative transportation (see [4]-[6]).
However, the coordination of a team of UAVs is challenging
in uncertain environments. In the latest decade, multiple for-
mation control strategies for quadrotors have been developed,
such as the behavior-based controller in [7], the virtual struc-
ture approach in [8], and leader—follower methods in [9]-[12].
A dynamic leader is required in the leader—follower controller
design and can be virtual, as illustrated in [13]. The virtual
leader can either indicate a reference trajectory for the fol-
lowers or a physical exosystem that is independent from the
following agents. In the leader—follower formation control law
design of [14], [15], the translational and rotational dynamics
was studied for a team of quadrotors, but the nonlinear dynam-
ics of the quadrotors was simplified. Actually, the quadrotor is
a highly nonlinear system with six degrees of freedom (6DOF).
However, the quadrotor dynamics in [14] and [15] was sim-
plified, and the simplified model cannot accurately describe
the nonlinear and coupled dynamics of the quadrotor system
with aggressive maneuvers. Therefore, the formation control
problem for multiple quadrotors with nonlinear and coupled
dynamics remains to be solved.

Furthermore, the complete UAV dynamics is not available in
practical applications and, thereby, the obtained vehicle mod-
els suffer from system uncertainties. The uncertain vehicle
dynamics may deteriorate the formation flight performance
of the traditional model-based controllers in [14] and [15].
To solve the uncertain system dynamics, adaptive control
methods in [16]-[18] were developed for nonlinear systems,
but these approaches could only achieve bounded tracking
errors. In [12], [19], and [20], the robust methods were
applied to counteract the effects of nonlinearities and system
uncertainties on the vehicle dynamics. However, the opti-
mality of the robust controllers in [12], [19], and [20] was
generally not guaranteed. It is desirable to achieve data-
driven optimal formation control for the quadrotor team
without knowledge of the quadrotor dynamics in practical
applications.
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Reinforcement learning (RL) is a kind of learning method
designed to obtain the optimal control policy without knowing
the quadrotor dynamics. The RL method has been developed
for a single quadrotor to achieve complicated flight tasks as
shown in [21]-[25]. In [21], an RL algorithm was applied to
identify the dynamic model by using the system data, and
a model-based controller was designed to achieve the hover
task of a quadrotor. In [22], an RL algorithm was used to
plan trajectories to achieve the balancing task for a quadrotor
with suspended load but the optimal control problem of the
quadrotor was not discussed in [21] and [22]. In [23], a planning
framework was designed to achieve construction tasks, and an
optimal attitude controller was designed using the RL method.
However, the optimal policy was derived offline in [23]. In [24],
the neural networks (NNs) were trained using the RL method
to control a single quadrotor, but the designed algorithm was
conservative and the quadrotor model was simplified. In [25],
the nonlinear dynamics was considered for a single quadrotor
and an optimal position controller and an optimal attitude
controller were trained using the RL approach. However, the
coordination of quadrotors was not further investigated in [25].
In the latest years, an RL algorithm has become a promising
data-driven optimal method for the synchronization control
of multiquadrotor systems (see, e.g., [26] and [27]). In [26]
and [27], the attitude synchronization for multiple quadrotors
using RL algorithms was achieved, but the nonlinearities in the
vehicle dynamics were not considered in [26] and the cascade
data-driven formation control for heterogeneous quadrotors was
not further studied in [27].

Despite several works on the RL-based control of a sin-
gle quadrotor, to the best of our knowledge, the RL-based
formation control problem for a heterogeneous multiquadro-
tor system with nonlinearities and couplings in the vehicle
dynamics has not been investigated yet. In this article, a dis-
tributed formation controller, including a position controller
and an attitude controller, is proposed. A data-driven optimal
cascade formation controller, including an RL-based position
formation controller and an RL-based attitude controller, is
proposed. An optimal position controller is obtained by solv-
ing the algebraic Riccati equation (ARE), and an RL method
is designed to learn the optimal position control law on-
line. An optimal attitude control law is obtained by learning
the solution to a Hamilton—Jacobi—Bellman (HJB) equation,
similarly. Compared to previously relative studies, the main
contributions of this article can be summarized as follows.

First, the optimal control problem of highly nonlinear mul-
tiquadrotor systems is solved. The optimal formation policies
are obtained for the quadrotor team by using the system
data. However, the traditional optimal approaches, such as
the methods in [28] and [29], obtained the optimal policies
by directly solving AREs, which is difficult for nonlinear
quadrotor systems. In the traditional optimal controller design
for quadrotors, the optimal policies are derived from an HIB
equation. In fact, the HIB equation for the quadrotor system
is nonlinear due to the existence of the nonlinear quadrotor
dynamics. Therefore, it is difficult or impossible to obtain the
optimal policies for the quadrotor team by using the traditional
optimal approaches.
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Fig. 1. Quadrotors in a formation team.

Second, the optimality of the formation controller is guar-
anteed for the heterogeneous multiquadrotor control system
with unknown dynamics by using RL methods to learn the
optimal policies from system data. In practical formation flight
of multiple quadrotors, the quadrotors in the team are hetero-
geneous due to different payloads. Furthermore, as illustrated
in [30], the payloads are unknown for the quadrotor team
in each formation flight, which yields unknown dynamics in
the quadrotor team. The unknown dynamics will result in
an inaccurate HIB equation for the traditional optimal con-
trollers, which makes the optimality of the traditional optimal
controller questionable in practical formation flight.

Third, an adaptive cascade controller, including an RL-
based position controller and an RL-based attitude controller,
is proposed for multiple quadrotors. But the previous works
in [21]-[25] only discussed the RL-based control for a sin-
gle quadrotor, and the RL-based formation control problem
for a heterogeneous quadrotor team was not further discussed.
Yang et al. [26] only discussed the RL-based attitude synchro-
nization control and the RL-based optimal formation control
problem for multiple quadrotors was not further studied.

The remaining parts of this article are organized as fol-
lows. The preliminaries on the quadrotor model, the graph
theory, and the problem formulation are given in Section II.
The design method of the formation control protocol is illus-
trated in Section III. In Section IV, the simulation results are
presented to show the effectiveness of the proposed control
method. Concluding remarks are contained in Section V.

II. PRELIMINARIES
A. Quadrotor Model
The quadrotors in a formation team are depicted in Fig. 1.
As shown in Fig. 1, a rigid frame connects four rotors in
each quadrotor system. Denote p = [px py pZ]T € R3? as the
position of the quadrotor in E',and © = [¢ 0 w]T e R3
as the Euler angle (the roll angle ¢, the pitch angle 6, and

the yaw angle /). According to [12], the position and attitude
dynamical model of the quadrotor system can be described as

mp = Ref
JO =-C(0,0)0+1 (1)
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where C(O, @) = [coj] € R3*3 is the nonlinear Coriolis
term depicted in [31]. Ry € SO(3) in (1) is the rotation matrix
shown in [12]. f € R3 is the force relative to £8 and can be
given by f = [0 0 T,]" —RI[0 0 mgl". T, € R indicates
the total lift with 7, =Ty + 7> + T3 + T4 in Fig. 1 and 7 =
[ty o rw]T € R3 the torque in EB satisfying T, = k,u; and
T = [likpuy lkoug k,u¢]T, respectively. It can be observed
from (1) that each quadrotor is a nonlinear and coupled robotic
system with 6DOF but 4-input. Besides, in practical flight, a
power distribution board can be used to distribute the control
inputs u; (j = z,¢,6, ) to the four rotors satisfying u, =
a)i+a)§+w§+w§, Up = a)% —a)i, Ug = a)lzfa)g, and I/.tw =
o] — w5 + 05 — oy, where w; (j = 1,2, 3,4) is the rotational
velocity of Rotor j. Then, the desired rotational velocities of
the four rotors in real time can be obtained to generate the
desired control inputs and further control the motion of the
quadrotor in 6DOF.

B. Graph Theory

N quadrotors are considered in this article labeled from 1
to N. The communication among heterogeneous quadrotors is
described by a directed graph G = (V,E, W), where V =
{vi} G =1,2,...,N) represents a set of nodes, E C V x V
represents a set of edges, and W = [w;;] € RV*N represents a
weighted adjacency matrix. The node v; represents quadrotor
i. If there exists an available channel from node j to node i
to exchange information, that is, (v;,v;) € E, then w;; > 0;
otherwise, w;; = 0. The set of neighbors of quadrotor i is
denoted as N; = {j|(vi,vj) € E}. Let ® = {1,2,...,N} and
the direct graph G is assumed to be time invariant and w; = 0.
Define the degree matrix of G as D = diag(d;) € RN with
di = Zsz { wij and the Laplacian matrix of Gas L=D — W.
A path of G from v;; to v;, is a sequence of edges in the form
{Wiys viy)s Wins Vig)s o+ o5 (Viy_y» vip)}. If there is a node, called
the root, connected to any other nodes in G through paths,
then G is said to have a spanning tree. Define o = diag(s;) €
RN*N "where ¢; is the connection weight between quadrotor
i and the virtual leader and satisfy that ¢; > 0O if quadrotor i
has access to the virtual leader, and ¢; = 0, otherwise.

C. Problem Formulation

The main goal of this article is to obtain an optimal dis-
tributed control law for a team of heterogeneous quadrotors
by using the system data to achieve the formation tra-
jectory tracking with a predesigned formation pattern. The
formation pattern of quadrotors is designed by vector §; =
[8j.c iy 0j) € R? (i,j € ®). 8 indicates the desired
position deviation between quadrotor i and quadrotor j. Let
pi = [pix Piy pi,Z]T € R3 be the position of the quadro-
tor i in E' and po = [pox poy po,z]T € R3 be the desired
position of the formation center in E!. py can be regarded as
the desired position reference of the virtual leader. Denote
8 = [dix diy (Si,Z]T e R3 as the desired deviation of
quadrotor i relative to po, yielding 8; = 8; — §;. Let p;y =
(Prix Priyy pr,-,z]T € R be the position reference for quadro-
tor 7 satisfying p,; = po—+3;, and ep; = [epix epiy ep,-yz]T eR3
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the position tracking error with e,; = p; —p;;. In normal cases,
the position reference p,; is not directly available for quadro-
tor i, if quadrotor i has no access to the leader. In this article,
the position reference p,; is estimated for quadrotor i using
the information of its neighbors and itself. From (1), one can
rewrite the model for quadrotor i as

pi = m; ' kitiziRic3 3 — gc3 3
6; = —J;7'(C(©1, ©))6)) + Bojuo, (2)

where ue; = [ugi upi uw']T e R3 and Be, =
diag(bei,1, bei2, bei3) = J; "diag(Iyikuis Leikois k). Tn prac-
tical formation flight of the multiquadrotor system, mass m;
and inertia matrix J; of each quadrotor are different due to
different payloads each quadrotor carries, which makes the
quadrotors heterogeneous. Furthermore, as illustrated in [30],
the payloads are unknown for the quadrotor team in each for-
mation flight, which makes mass m; and inertia matrix J; of
each quadrotor unknown in practical applications.

III. FORMATION PROTOCOL DESIGN

In this section, the traditional optimal methods are applied to
the position and attitude subsystem of the quadrotors to derive
the optimal solutions. Then, it is explained that the optimal
solutions are difficult to obtain in practical applications and
the RL algorithms are designed to learn the optimal solutions
for position and attitude subsystem by using system data.

A. Traditional Position Optimal Controller Design

As shown in Fig. 1, each quadrotor in practical forma-
tion is required to rapidly regulate the attitude to manipulate
the direction of the total lift 7, and then achieve the desired
position formation flight. Therefore, the position control input
up; is virtual in practical applications and is normally consid-
ered as the projection of the total lift control input u; in the
earth-fixed frame £' with

up; = uz;iRpes 3. 3)
Then, one can have the position dynamic system as
Pi = bpipi — ge3 3 4)
—1
m; Tkwilg,.
[pri,x pri,x Pri,y Iari,y Priz pri,z] S R6 as
tion reference vector of quadrotor i,
. . . T
[Pox Pox Poy Poy poz pozl € RS as the leader
. . . T
state vector, and Xpi = [pix Pix Piy Piy Piz Picl € R
as the quadrotor state vector. Under the assumption that
there exists at least one spanning tree among the quadrotors,

a distributed position controller for the quadrotor position
system (4) is designed as

Ppi = Appi+ x D (Wi (g = Ppi + 8) + Gi(p0 + 85 — i)
JEN;
upi = Kiixpi + Koitpi ©)

where by, = Define 1y, =
the posi-

Xp0 =

where A, = diag(ay, a,, ap) € R%®, a, = [0x1 €211, §; =
T T T
[Si,x 0 (Si,y 0 ‘Si,z 0] N and 5,‘/' = [Sij,x O 51‘” 0 5,‘1'1 0] .
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pi € RS in (5) is the estimated value of rp;, x is a positive
scaling factor to guarantee that 7,; converge to rp;, and K; =
[K1;i Kzi] € R*12 s the position controller parameter. Sij
in (5) is predesigned according to the desired formation. It can
be observed from (5) that the proposed position controller is
distributed for each quadrotor because only the information of
its neighbors and itself is used as the feedback of the controller.
Combining the estimated leader state and the quadrotor state,
one can obtain a position augmented subsystem as follows:

Xpi = ApiXpi + Bpiupi + Zpigpi
epi = CpiXpi (6)

a7 T = . =
where X, = [x,; 71, Ay = diag(Ap, Ap), By =
- T -
m; Ywilennn ena el Zpi = [06x6 xlel', Cpi =
[Cpi — Cpril, and Cpi, Cpri € R3%6 are the output
matrices of the quadrotor and the leader with Cp =
Cori = les,1 €63 66,5]T. gpi € R® is the local
neighborhood error of quadrotor i satisfying ¢p =
Yjen; Wij(Fpj — Tpi + 84) + 6i(xpo + 8 — 7pi)). €pi will con-
verge to 0 if x is selected properly, which will be discussed
in the following section. To achieve the optimal control of
quadrotor position system, a performance function for the
augmented system (6) can be given by

o0
Vi (Xpi) = /t X):(Opi + K RpiKi)Xpidt = X)X, (7)

where Q) = C’;Qp,-é’pi and ITp; is a matrix depending on
Xpi. Opi > 0 and Ry; = Rgi > 0 are the weighting matrices.
Define K;; € R'*¢ and K»; € R!*® as the control gains of the
controller. Then, by minimizing the performance function in
(7), one can obtain the optimal control input u;fl- as

M;i = KiXpi (8)

where K; = [K1; K] = —R[jilB;Hpi and IT,; is the solution
to the following ARE as:

AT A, » plpT
Apil'l,,i + TpiApi + Opi — HpiniRpi Bpil'I,,i =0. 9)

The ARE in (9) requires the knowledge of the vehicle position
dynamics. However, due to the unknown dynamics resulted
from the unknown payloads, it is difficult to obtain the optimal
position control policy by simply solving the ARE in (9). In
the following section, an RL algorithm is designed to learn
the optimal policy without requirement of the vehicle position
dynamics.

B. RL Algorithm for Position Controller

In order to obtain the solution to the ARE in (9), a data-
driven RL method is used to learn the optimal control u;i
on-line. The augmented system (6) can be rewritten as

Xpi = 8piXpi + Bpi (ugl — K?Xpi) + Zpipi (10)
where §p; = Api+B,,,~Ki", “21’ is a stabilizing and exploring con-
trol input, and K}’ is the updated control parameter in the nth
iteration. Mathematical derivatives of (10) yield the Bellman
equation as

XLt + ADTILX it + AD) — XL(OTTEX,i(1)
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Algorithm 1 Data-Driven RL Position Control Algorithm

1. Initialization

Let ugi = K?Xpi + Upei, Where KZQ is stabilizing and upe; is
an exploring input noise. Collect the quadrotor system data
and select a positive threshold &jim 1.

2. Policy evaluation

For K}, one can obtain HZi and Kl-"Jrl simultaneously by
solving the Bellman equation

X1t 4+ ADTI Xyt + AL — XL(OTT X pi(1)
t+At t+At
=— / x;Qpl-xpidr - / (K{’)TRpiK?dt
| t+At T '
+2 f (K %0) Ry (), = KX )
t

t+At T
+ / (AV3) Zpiepidr.
t

3. Policy improvement
Set K = K™™' and go to 2 until HKZ" — K H < Elim1-

(12)

t+At - t+At T
=— / X 0piXpidt — / (K?)" RpiK'dt
t t
t+At | T 0
+2 / (K 1%0) Rpi(y = KX )z
t

t+At T
+ / (Av;;i) Zpigpidt
t

where At indicates the time interval. The control parameter K}
can be improved by solving (11) by using the vehicle system
data, which yields a data-driven RL algorithm in Algorithm 1.

The stabilizing and exploring control input ugi is required
for the RL methods to generate the system data, as shown
in [32]-[35]. In order to obtain an initial stabilizing policy
for the quadrotor system, the traditional proportional-integral-
derivative (PID) controller can be implemented to stabilize the
quadrotor system. Algorithm 1 is based on the sequential eval-
uation of the parameters sz' and K;’J“] by solving (12) and the
improvement of the control parameter K. It can be observed
from (12) that the RL approach in Algorithm 1 differs from the
RL method in [32] due to the term (AV;’i)TZpiepi in (12). In
fact, according to Theorem 1, the local neighborhood error &p;
(i € @) will converge to 0 and the least squares (LS) method
shown in [32] can be applied to obtain HZ,- and K,."H for
quadrotor i under the persistence of excitation (PE) condition.
The convergence of Algorithm 1 to the optimal policy can be
proven in the way similar to [32]. Denote ©,; = [¢i 6 V¥ril
as the attitude reference for quadrotor i. After the virtual con-
trol input up; is determined, the desired total lift control input
uz, the desired roll angle ¢,;, and the desired pitch angle 6,
can be obtained from (3) as

(1)

Uzi = Upiz/ COS;/ cos P;
¢ri = arcsin((cos ¢; sin 6; sin Vi — upiy/uz)/ cos ;)
0y = arcsin((upi,x/uz — sin¢; sin ;) / cos ¥i/ cos ¢;). (13)

The yaw angle reference 1,; is set as a fixed constant for
the quadrotor team to synchronize in practical applications.
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After the desired attitudes are obtained from (13), an attitude
controller is required to achieve the desired attitude reference
tracking.

C. Traditional Attitude Optimal Controller Design

Define xo; = [¢i ¢i 6; 6; Vi wi]T as the state of quadro-
tor i. From (1), the quadrotor attitude model can be rewritten as
Yoi = Foi(xe:) + Beoitoi

yoi = Coixei, i € ® (14)

where yg; € R? is the output of quadrotor i and Fe;(xe;) € RO
the nonlinear term with

Foi(xei) ~
0 1 0 0 0 0
0 —condy! 0 —conn 0  —con
0 0 0 1 0 0
10 —cou 0 —comly O —con ror
0 0 0 0 0 1
0 —ce31 O —ce32 0 —ces33/ 7,'1_

Boi € R®3 and Ce; € R3*® are the input and out-
put matrices satisfying Be; = [e6.2b0i,1 €c4boi2 €6.6D0i3]
T .
and Co; = les1 es63 es5] , respectively. Let xg =
. . . T .
[¢ri @ri 6ri O Vi V] be the attitude reference vector of
quadrotor i, satisfying
Xori = Fori(xeri)
Yori = CeriXeri (15)

where Co,i = Coi, Yori € R3 is the output and Fg,(xe) €
RO is a smooth function. From (14) and (15), one can have
the quadrotor attitude augmented subsystem as

Xoi = Fo(Xei) + Boiuoi,

eoi = CoiXoi (16)

T -
where Xg; = [xgl.T xg”.] _e R!2, F@(i(@,-_) =
[Foi(xe)” Feri(xer)']” € R'2, Bo; = [B(Z)T,- 01, Coi =
[Coi —Ceoril, and eo; = [evix eoiy €oi:] € R is the

attitude tracking error. The control input ug; is designed to
guarantee that eg; converges to 0. Define the performance
function of the augmented subsystem in (16) as

o0

VoiXei, uei) :/ X5:00iXoi + ubRouedr  (17)
t

where Qo; = CL.00iCoi, Qoi = QL;, > 0 and Re; =

Rgi > (. Using (16) and differentiating (17), one can have

the Bellman equation as

A T A T
Hei(Vei, uei) = Xg;Qo0iXei + ug;Reiue;

+ AVE,(Foi + Boue) =0 (18)

where AVg; = 0Vp;/0Xe;. Let V(igl. be an optimal solution to
(18). An HJB equation can be obtained as

min H(-),'(sz)i, u@i) =0. (19)
Ue;
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By differentiating (19) with respect to the control input ug;,
one can derive the optimal control input ug),; as follows:

1 -
U = __R@)}Bg)iAVé)i' (20)

2
Substituting ug,; in (20) into (19) yields the following HIB
equation as:

- T_
X&i00iXoi + (AVE,) Fo

1 T= 1=
— ~(AVE,) BoiRg, By AVS; = 0.

2 21

It should be noted that the HIB equation in (21) is nonlinear
due to the nonlinearities in the vehicle dynamics. However,
as illustrated in [36], it is difficult or impossible to obtain the
solution to the nonlinear HIB equation. Moreover, the HIB
equation (21) requires the knowledge of the dynamic model of
the multiquadrotor system Fe; and Bg;. However, the accurate
system dynamics Fe; and Bg; of quadrotors are difficult to
obtain in practical applications. Therefore, the following data-
driven RL method is used to learn the optimal control law ug,;
online.

D. RL Algorithm for Attitude Controller
One can rewrite the augmented system in (16) as

Xoi = Fo(Xe) + Boily,; + B(-)i(u(é,- + U@ei — M’(’)l) ied
(22)

where u?_)i is a stabilizing control input and ug,; is an exploring
control input noise. Differentiating Vg; in (17), one has that

. T _ -
o = (AVE:)" (Fe(Xei) + Beiul,)
T_
+ (AVy) B®i(“(()>9i + Ueei — “61)
- T
= —Xbi00iXoi — (uy;) Reitly;
n+1 T 0 n
— 2<u®i ) R@)i (H@i + UPei — M@i)'

It can be seen that the quadrotor dynamics is replaced by the
quadrotor system data in (23). By integrating (23), one has
that

(23)

6iXei(t + AD) — V§,(Xei(0)

AL -
= / —XoiQ0iXoi — (Ug;) Reitgydt
t
1+ At | T 0
_ / 2w ") Ry + o — us,)dz. (24)
t

It can be observed from (24) that the value function Vg)i and
the control protocol u’é‘fl can be updated simultaneously by
using system data, which yields a data-driven RL algorithm
in Algorithm 2. In Algorithm 2, the control protocol u’(’;l
is iteratively updated by solving (28) until the convergence
is achieved. The convergence of Algorithm 2 to the optimal
policy V§, and ug,; can be proven through contradiction shown

in [37].
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Algorithm 2 Data-Driven RL Attitude Control Algorithm

1. Initialization

Start with a stabilizing control policy u?,)i and an explor-
ing control policy ug,.; for quadrotor i. Collect the quadrotor
system data and determine a small positive threshold &jip 2.

2. Policy evaluation

For any given ug,;, one can have V{. and u’(l)‘fl simultane-
ously by solving the Bellman equation

VeiXei(t + Ar) — V{f)i(X@%(f)) =
fzt+m _Xg)iQ®iX®i - (“?)z) Rejugdt

¢ 28)
t+At +1
-/; 2(”2):’ ) Roi(1; + uoei — ugy;)dt
3. Policy improvement
Set u’gfl = ug,; and go to 2 until ‘ u’&'l — ud; | < €lim2-

: n n+1
In order to approximate Vg, and ug;

NN are constructed as follows:

in (28), critic—actor

Ve (Xoi) = Wyimi(Xe:) (25)
iy (Xei) = Wamui(Xei), i€ ® (26)

where @,;(Xe;) € Rl and w,i(Xei) € R2 are the activa-
tion functions and the superscripts /1 and /; represent the
numbers of neurons. W,; € R and W,; € R3>*2 rep-
resent the weighting vectors. Vg)i(X@i) and ﬁ'gfl(X@,-) are
approximations of Vg)i(X@i) and u’gfl(X@,-), respectively. Let
eoui = leouil eouip eoui3l = ud + uee — ub, (i €
®), Re; = diag(Rei 1, Rei2, Rei3), Xei1 = @iXeilt +
AD) — @yi(Xei(?)), xei2 = 2Rei1 f,t+m @i (Xi(1)eoui1dx
Xei3 = 2Rei2 f,t+m @i (Xi()eouipd:, and xgi4a =
2R3 ftt+Al @i (X;i())e@ui3d;. Then, the Bellman equa-
tion (24) can be rewritten as

epoi() +yoi = Woixe; 27

t+ At = T
where yo; = T _XT,00iXei — h,) Reulld:,
Wei = [(Wvi Waii Waip W3], and
T T T T T . . .
[X6i1 Xei2 i3 Yeial - epoi() is the approximation
error and W ,, (m = 1,2,3) is the mth row of the matrix
W,;. By using the least-square method, the approximation

error ege;(f) can be minimized under the PE condition.

XOi =

E. Stability Analysis

~ ~ ~ ~ ~ - - T
Define 7y; = [Fpix Fvix Tpiy Tviy Tpiz Tvizl € R® as
the estimation error for quadrotor i with 7,; = rp; — 7. In

this section, the stability of the heterogeneous multiquadrotor
system using the proposed optimal formation controller will
be analyzed.

Theorem 1: Using the distributed optimal formation con-
troller, including the position control policy (5), (8) and
the attitude control policy (20), the estimation errors 7;
will converge to 0 if x in (5) is sufficiently large and the
multiquadrotor system is asymptotically stable.

Proof: From (5), one can obtain that

7» = PoFy (29)
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where 7, = [/, 71, -+ Ful” and Py = Iy ® A, — x(L+
0) ® Is. Since the spanning tree exists in the quadrotor com-
munication graph G, all the real parts of the eigenvalues of
the matrix L + o are positive constants. Then, one can obtain
from (29) that Pg is Hurwitz if x is large enough. Therefore,
one can see that the estimation error 7; (i € ®) will converge
to 0 on condition that yx is sufficiently large. By differentiating
the performance function (7) and using (6) one can obtain that

Vpi (Xpi) = XpTi I (Apixpi + Bpi”pi + Zpigpi)
- - T
+ (A,,,'Xp,' + Bpiup; + Zp[&‘pi) I, X,;.  (30)
Substituting (8) into (30) yields

Vpi(X[,,‘) = X,{,-(l‘[,,i/_xpi — HpiniRp_iIBani + A},}Hﬁ)XPi

T T R —TpT T
= X0 (T By BT ) X + X0 iZpipi

+ ehZh X (31)
From (9) and (31), one can obtain that
’ T e Tr —TpT
Vi (Xpi) = Xpi(—Qpl- ~7B,R; Bpl.l'[pl) X,
+ XTiZpiepi + &, 2} T piXpi. (32)

By selecting the positive scaling factor x with a sufficiently
large value, one can obtain from (32) that ,; converges to 0
and Vp,-(Xp,-) < 0. Therefore, it can be concluded that the
position tracking error ep; converges to 0, that is, the position
dynamic subsystem for quadrotor i is asymptotically stable.
From (16) and (21), one can obtain that

Ve = (sz)i)T(F@)i + B@fu’éi)

1 L _
= Z(Av(gi) BeiRg} BG,; AV, — X5:00iXo

T_
+ (AVE) Boi,. (33)
Substituting (20) into (33), one can have that
. 1 T= 1= _
Vo = —7(AVE,) BoiRg,; Boi AV — Xb:0eiXei < 0. (34)

4

It can be seen from (34) that the attitude tracking error e@;
converges to 0 and thus the attitude augmented system is
asymptotically stable. |

IV. SIMULATION RESULTS

Consider the formation control problem for six heteroge-
neous quadrotors modeled as (1) with the quadrotor parameters
shown in Table I.

The quadrotors are required to track the virtual leader
with the heading synchronize to 0° and form a regu-
lar plane hexagon with the position deviation designed as:
81 = [<0.15 —0.52 0" m, 83 = [-030 0 0]' m,
8435 = [-0.15 052 0" m, 654 = [0.15 0.52 0] m,
86s = [0.30 0 01" m, 86 = [0.15 —0.52 0]" m, and
61 =1[-0.30 0 O]T m. The information exchange of quadro-
tors is modeled by a directed graph with the weights as
W2l = W3 = W43 = Wsq = wes = wie = 1. The
root vi has access to the virtual leader, which means that
¢1 = 1. The virtual leader is initialized by p,(f) =
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TABLE 1
HETEROGENEOUS QUADROTOR SYSTEM PARAMETERS
Parameters | m(kg) | J(10 kg-m®) | ku | ke | g(m/s?) | I:(m)
Quadrotor1 1.7 diag(4.8,4.8,8.8) 1 1 9.8 0.2
Quadrotor2 1.8 diag(4.9,4.9,10.0) | 1 1 9.8 0.2
Quadrotor3 1.9 diag(5.0,5.0,10.1) 1 1 9.8 0.2
Quadrotor4 2.0 diag(5.1,5.1,10.2) | 1 1 9.8 0.2
Quadrotor5 2.1 diag(5.2,5.2,10.3) 1 1 9.8 0.2
Quadrotor6 2.2 diag(5.3,5.3,10.4) | 1 1 9.8 0.2
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Fig. 2. Position estimation errors.

[0.5¢ 0.5 1.5+ t]T m and the initial states of the quadro-
tors are selected as: p1(0) = [0.75 O 1.20]T m, p2(0) =
[0.38 — 1.30 1.40]" m, p3(0) = [—0.38 —1.30 1.50]" m,
p4(0) = [=0.75 0 21" m, ps(0) = [-0.38 1.30 2.50]" m,
p6(0) = [038 1.30 31" m, i = O3x1, ©; = O3x1, and
O; = 03x1.

First, the position reference of each quadrotor is estimated
from (5). The position estimation errors are illustrated in
Fig. 2. The six solid lines colored with red, black, blue, pink,
yellow, and brilliant blue represent quadrotors 1-6, respec-
tively. It can be observed that the estimation errors for each
quadrotor converge to O within one 0.1 s. After the posi-
tion estimation errors converge to 0, the RL-based formation
controller is implemented to track the virtual leader and
form a predesigned formation pattern. A simple proportional-
derivative (PD) controller is selected and manually tuned to
obtain an initial stabilizing controller for the quadrotor team
with the position tracking errors depicted in Fig. 3 and the
attitude tracking errors shown in Fig. 4. From Figs. 3 and 4,
one can see that the formation performance of the quadrotor
team using the initial manually tuned controller is undesir-
able. The initial controller is nonoptimal and the objective of
the proposed RL algorithms is to learn the optimal control
policies by using the initial nonoptimal controller. Then, the

Fig. 3. Position tracking errors of quadrotors using the initial controller.

o (deg)

Time (s)

Fig. 4. Attitude tracking errors of quadrotors using the initial controller.

initial stabilizing controller is used to generate system data
for Algorithms 1 and 2 with the exploring noises upe; and
Uei selected as the sum of multiple sine waves satisfying
upei = 10 - Y10 sin(wpt) and ueer = 40 - Y20 sin(wpn),
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Fig. 6. 3-D trajectories of quadrotors using learned optimal controller.

where w; (m =1, 2, ..., 10) are random constants. The time
interval At is set as At = 0.05 s. The designing matrices of
Algorithms 1 and 2 are selected as Qp; = 20ls, Qo; = 10016,
Ryi = I3, and Rg; = I3. The basis functions of the critic NN
in (25) are selected as fourth-order polynomials and the basis
function of the actor NN in (26) are selected as first-order poly-
nomials. The convergences of the parameters for Algorithms 1
and 2 are shown in Fig. 5. It can be seen from Fig. 5 that
the convergences of all the parameters in the heterogeneous
quadrotor team are achieved within five iterations. The 3-D
trajectories of the six quadrotors using the learned optimal
controller are shown in Fig. 6. The dashed lines in Fig. 6
represent the formation pattern. Fig. 7 shows the Euler angle
®;(¢) of the quadrotors using the learned optimal controller.
The position tracking errors ep;(f) and the attitude tracking

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 52, NO. 8, AUGUST 2022
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Fig. 8.  Position tracking errors of quadrotors using the learned optimal
controller.

error eg;(t) for the quadrotor team using the learned optimal
controller are depicted in Figs. 8 and 9, respectively. As shown
in Figs. 6-9, the formation performance of the quadrotor team
is greatly improved by applying the learned optimal formation
controller. It should be noted that this article is not interested
in comparing the performance of the proposed controller with
other finely tuned control methods. The advantage of this arti-
cle is to learn an optimal control policy using a nonoptimal
initial controller without knowledge of quadrotor dynamics
and consequently improve the formation performance of the
quadrotor team.

V. CONCLUSION

In this article, a data-driven optimal formation control pro-
tocol was proposed for heterogeneous quadrotors to track a
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virtual leader and form a predesigned formation. The overall
system was composed of a group of quadrotors considered as
multiple-input-multiple-output systems with completely and
highly nonlinear dynamics. The resulted distributed optimal
formation controller includes an optimal position controller
and an optimal attitude controller. The position controller was
designed to track the virtual leader and form a predesigned for-
mation pattern. Then, the attitude controller was constructed
to track the desired attitude. Both the position and attitude
controllers were designed based on RL method by learning
the solutions to the ARE and the HJB equation respectively,
by using the system data. A simulation of heterogeneous mul-
tiquadrotor system was conducted and the simulation results
verified the effectiveness of the proposed formation controller.

REFERENCES

[1]1 H. Du, W. Zhu, G. Wen, Z. Duan, and J. Lii, “Distributed formation
control of multiple quadrotor aircraft based on nonsmooth consen-
sus algorithms,” IEEE Trans. Cybern., vol. 49, no. 1, pp. 342-353,
Jan. 2019.

[2] H. Liu, Y. Tian, F. L. Lewis, Y. Wan, and K. P. Valavanis, “Robust
formation tracking control for multiple quadrotors under aggressive
maneuvers,” Automatica, vol. 105, pp. 179-185, Jul. 2019.

[3] N. Wang, S.-F. Su, M. Han, and W.-H. Chen, “Backpropagating
constraints-based trajectory tracking control of a quadrotor with con-
strained actuator dynamics and complex unknowns,” IEEE Trans. Syst.,
Man, Cybern., Syst., vol. 49, no. 7, pp. 1322-1337, Jul. 2019.

[4] S. He, M. Wang, S.-L. Dai, and F. Luo, “Leader—follower formation
control of USVs with prescribed performance and collision avoidance,”
IEEE Trans. Ind. Informat., vol. 15, no. 1, pp. 572-581, Jan. 2019.

[5] Y. Cao, W. Yu, W. Ren, and G. Chen, “An overview of recent progress
in the study of distributed multi-agent coordination,” IEEE Trans. Ind.
Informat., vol. 9, no. 1, pp. 427438, Feb. 2013.

[6] K.-K. Oh, M.-C. Park, and H.-S. Ahn, “A survey of multi-agent
formation control,” Automatica, vol. 53, pp. 424-440, Mar. 2015.

[7]1 T. Balch and R. C. Arkin, “Behavior-based formation control for multi-
robot teams,” IEEE Trans. Robot. Autom., vol. 14, no. 6, pp. 926-939,
Dec. 1998.

[8] M. A. Lewis and K.-H. Tan, “High precision formation control of mobile
robots using virtual structures,” Auton. Robots, vol. 4, pp. 387-403,
Oct. 1997.

[9]
(10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

7897

M. Egerstedt and X. Hu, “Formation constrained multi-agent control,”
IEEE Trans. Robot. Autom., vol. 17, no. 6, pp. 947-951, Dec. 2001.
M. Mehran and F. Y. Hadaegh, “Formation flying control of multiple
space-craft via graphs, matrix inequalities, and switching,” J. Guid.
Control Dyn., vol. 24, no. 2, pp. 369-377, 2001.

D. A. Mercado, R. Castro, and R. Lozano, “Quadrotors flight formation
control using a leader-follower,” in Proc. Eur. Control Conf., Jul. 2013,
pp. 3858-3863.

H. Liu, T. Ma, F. L. Lewis, and Y. Wan, “Robust formation control for
multiple quadrotors with nonlinearities and disturbances,” IEEE Trans.
Cybern., vol. 50, no. 4, pp. 1362-1371, Apr. 2020.

M. Defoort, A. Polyakov, G. Demesure, M. Djemai, and K. Veluvolu,
“Leader-follower fixed-time consensus for multi-agent systems with
unknown non-linear inherent dynamics,” IET Control Theory Appl.,
vol. 9, no. 14, pp. 2165-2170, 2015.

E. Zhao, T. Chao, S. Wang, and M. Yang, “Finite-time formation control
for multiple flight vehicles with accurate linearization model,” Aerosp.
Sci. Technol., vol. 71, no. 1, pp. 90-98, Dec. 2017.

C. Hua, J. Chen, and Y. Li, “Leader-follower finite-time formation con-
trol of multiple quadrotors with prescribed performance,” Int. J. Syst.
Sci., vol. 48, no. 12, pp. 2499-2508, Aug. 2017.

I. Palunko, P. Cruz, and R. Fierro, “Agile load transportation: Safe and
efficient load manipulation with aerial robots,” IEEE Robot. Autom.
Mag., vol. 19, no. 3, pp. 69-79, Sep. 2012.

Z. T. Dydek, A. M. Annaswamy, and E. Lavretsky, “Adaptive config-
uration control of multiple UAVs,” Control Eng. Pract., vol. 21, no. 8,
pp. 1043-1052, Aug. 2013.

Z. Zhu, Y. Pan, Q. Zhou, and C. Lu, “Event-triggered adaptive fuzzy
control for stochastic nonlinear systems with unmeasured states and
unknown backlash-like hysteresis,” IEEE Trans. Fuzzy Syst., early
access, Feb. 13, 2020, doi: 10.1109/TFUZZ.2020.2973950.

B. Zhu, H. H.-T. Liu, and Z. Li, “Robust distributed attitude synchro-
nization of multiple three-DOF experimental helicopters,” Control Eng.
Pract., vol. 36, no. 3, pp. 87-99, Mar. 2015.

X.-L. Lin, C.-F. Wu, and B.-S. Chen, “Robust H, adaptive fuzzy
tracking control for MIMO nonlinear stochastic poisson jump diffu-
sion systems,” IEEE Trans. Cybern., vol. 49, no. 8, pp. 3116-3130,
Aug. 2019.

N. O. Lambert, D. S. Drew, J. Yaconelli, S. Levine, R. Calandra, and
K. S. J. Pister, “Low-level control of a quadrotor with deep model-
based reinforcement learning,” IEEE Robot. Autom. Lett., vol. 4, no. 4,
pp. 4224-4230, Oct. 2019.

A. Faust, I. Palunko, P. Cruz, R. Fierro, and L. Tapia, “Automated aerial
suspended cargo delivery through reinforcement learning,” Artif. Intell.,
vol. 247, pp. 381-398, Jun. 2017.

S. R. B. dos Santos, S. N. Givigi, and C. L. Nascimento,
“Autonomous construction of multiple structures using learning
automata: Description and experimental validation,” IEEE Syst. J.,
vol. 9, no. 4, pp. 1376-1387, Dec. 2015.

J. Hwangbo, 1. Sa, R. Siegwart, and M. Hutter, “Control of a quadrotor
with reinforcement learning,” IEEE Robot. Autom. Lett., vol. 2, no. 4,
pp. 20962103, Oct. 2017.

C. X. Mu and Y. Zhang, “Learning-based robust tracking control of
quadrotor with time-varying and coupling uncertainties,” /EEE Trans.
Neural Netw. Learn. Syst., vol. 31, no. 1, pp. 259-273, Jan. 2020.

Y. Yang, H. Modares, D. C. Wunsch, and Y. Yin, “Leader—follower out-
put synchronization of linear heterogeneous systems with active leader
using reinforcement learning,” IEEE Trans. Neural Netw. Learn. Syst.,
vol. 29, no. 6, pp. 2139-2153. Jun. 2018.

H. Liu, W. Zhao, F. L. Lewis, Z.-P. Jiang, and H. Modares, “Attitude
synchronization for multiple quadrotors using reinforcement learning,”
in Proc. Chin. Control Conf., Jul. 2019, pp. 2480-2483.

H. Zhang, F. L. Lewis, and A. Das, “Optimal design for synchronization
of cooperative systems: State feedback, observer and output feedback,”
IEEE Trans. Autom. Control, vol. 56, no. 8, pp. 1948-1952, Aug. 2011.
Nusawardhana, S. H. Zak, and W. A. Crossley, “Nonlinear syn-
ergetic optimal controllers,” J. Guid. Control Dyn., vol. 30, no. 4,
pp. 11341147, 2007.

H. Lee and H. J. Kim, “Constraint-based cooperative control of multiple
aerial manipulators for handling an unknown payload,” IEEE Trans. Ind.
Informat., vol. 13, no. 6, pp. 2780-2790, Dec. 2017.

G. V. Raffo, M. G. Ortega, and F. R. Rubio, “An integral
predictive/nonlinear Hoo control structure for a quadrotor helicopter,”
Automatica, vol. 46, no. 1, pp. 29-39, Jan. 2010.

Y. Jiang and Z.-P. Jiang, “Computational adaptive optimal control for
continuous-time linear systems with completely unknown dynamics,”
Automatica, vol. 48, no. 10, pp. 2699-2704, 2012.

Authorized licensed use limited to: Indian Institute of Technology - Jodhpur. Downloaded on April 02,2023 at 02:16:23 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1109/TFUZZ.2020.2973950

7898

[33] W. Gao and Z.-P. Jiang, “Adaptive dynamic programming and adap-
tive optimal output regulation of linear systems,” IEEE Trans. Autom.
Control, vol. 61, no. 12, pp. 4164-4169, Dec. 2016.

F. A. Yaghmaie and D. J. Braun, “Reinforcement learning for a
class of continuous-time input constrained optimal control problems,”
Automatica, vol. 99, pp. 221-227, Jan. 2019.

B. Pang, Z.-P. Jiang, and I. Mareels, “Reinforcement learning for
adaptive optimal control of continuous-time linear periodic systems,”
Automatica, vol. 118, Aug. 2020, Art. no. 109035.

K. Vamvoudakis and F. Lewis, “Online actor—critic algorithm to
solve the continuous-time infinite horizon optimal control problem,”
Automatica, vol. 46, no. 5, pp. 878-888, May 2010.

H. -N. Wu and B. Luo, “Neural network based online simultaneous pol-
icy update algorithm for solving the HJI equation in nonlinear control,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 23, no. 12, pp. 1884-1895,
Dec. 2012.

(34]

[35]

[36]

[37]

Wanbing Zhao received the B.S. degree in
guidance, navigation, and control from Beihang
University, Beijing, China, in 2016, where he is cur-
rently pursuing the Ph.D. degree with the School of
Astronautics.

His research interest is primarily in robust control,
nonlinear control, reinforcement learning, multiagent
systems, and quadrotor flight control.

Hao Liu (Member, IEEE) received the B.E.
degree in control science and engineering from
Northwestern ~ Polytechnical ~ University, Xi’an,
China, in 2008, and the Ph.D. degree in automatic
control from Tsinghua University, Beijing, China,
in 2013.

In 2012, he was a visiting student with the
Research  School of Engineering, Australian
National University, Canberra, ACT, Australia.
Since 2013, he has been with the School of
Astronautics, Beihang University, Beijing, where
he is currently an Associate Professor. From 2017 to 2018, he was a
Visiting Scholar with the University of Texas at Arlington Research Institute,
Fort Worth, TX, USA. His research interests include formation control,
reinforcement learning, robust control, nonlinear control, unmanned aerial
vehicles, unmanned underwater vehicles, and multiagent systems.

Dr. Liu received the Best Paper Award on IEEE ICCA 2018. He serves
as an Associate Editor for the Transactions of the Institute of Measurement
and Control, and the Advanced Control for Applications: Engineering and
Industrial Systems.

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 52, NO. 8, AUGUST 2022

Frank L. Lewis (Life Fellow, IEEE) received the
bachelor’s degree in physics/EE and the M.S.E.E.
degree from Rice University, Houston, TX, USA,
in 1971, the M.S. degree in aeronautical engineer-
ing from the University of West Florida, Pensacola,
FL, USA, in 1977, and the Ph.D. degree in elec-
trical engineering from the Georgia Institute of
Technology, Atlanta, GA, USA, in 1981.

He is the Moncrief-O’Donnell Chair of the
University of Texas at Arlington (UTA) Research
Institute, Fort Worth, TX, USA. He has authored
seven U.S. patents, numerous journal special issues, journal papers, and 20
books, including Optimal Control, Aircraft Control, Optimal Estimation, and
Robot Manipulator Control, which are used as university textbooks world-
wide. His current research interests include feedback control, intelligent
systems, cooperative control systems, and nonlinear systems.

Dr. Lewis received the Fulbright Research Award, the NSF Research
Initiation Grant, the ASEE Terman Award, the International Neural Network
Society Gabor Award, the U.K. Institute of Measurement and Control
Honeywell Field Engineering Medal, the IEEE Computational Intelligence
Society Neural Networks Pioneer Award, the AIAA Intelligent Systems
Award, the Texas Regents Outstanding Teaching Award 2013, the Outstanding
Service Award from Dallas IEEE Section, and selected as an Engineer of
the year by the Fort Worth IEEE Section. He was listed in Fort Worth
Business Press Top 200 Leaders in Manufacturing. He is a member of the
National Academy of Inventors, a Fellow of the IFAC and U.K. Institute of
Measurement and Control, a Professional Engineer in Texas, a U.K. Chartered
Engineer, a UTA Distinguished Scholar Professor, and a UTA Distinguished
Teaching Professor.

Xinlong Wang received the B.E. degree in mechan-
ical design and automation from, Beijing University
of Aeronautics and Astronautics, Beijing, China, in
1999, and the Ph.D. degree in precision instrument
and machinery from Beijing Aerospace Science,
Beijing, in 2002.

He is currently a Professor and a Doctoral
Supervisor with the School of Astronautics, Beijing
University of Aeronautics and Astronautics. His
research interests include inertial navigation, celes-
tial navigation, global positioning systems, inte-
grated navigation, as well as aircraft guidance, navigation, and control.

Authorized licensed use limited to: Indian Institute of Technology - Jodhpur. Downloaded on April 02,2023 at 02:16:23 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


