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Abstract The dynamics of a quadrotor are a simplified form of helicopter dy-
namics that exhibit the same basic problems of underactuation, strong coupling,
multi-input/multi-output design, and unknown nonlinearities. Control design for the
quadrotor is more tractable yet reveals corresponding approaches for helicopter and
UAV control design. In this paper, a backstepping approach is used for quadrotor
controller design. In contrast to most other approaches, we apply backstepping on
the Lagrangian form of the dynamics, not the state space form. This is complicated by
the fact that the Lagrangian form for the position dynamics is bilinear in the controls.
We confront this problem by using an inverse kinematics solution akin to that used
in robotics. In addition, two neural nets are introduced to estimate the aerodynamic
components, one for aerodynamic forces and one for aerodynamic moments. The
result is a controller of intuitively appealing structure having an outer kinematics
loop for position control and an inner dynamics loop for attitude control. The control
approach described in this paper is robust since it explicitly deals with unmodeled
state-dependent disturbances and forces without needing any prior knowledge of the
same. A simulation study validates the results obtained in the paper.
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Nomenclature

i subscript or superscript index

m mass of quadrotor

by inertia matrix

X, 9,2 position of quadrotor in inertial frame
10 roll angle

0 pitch angle

) yaw angle

q generalized state vector representation
& position vector

n attitude vector

&4 desired position vector

Na desired attitude vector

g gravity

fi force from the i’th motor

u summation of four motor forces

w; rotational speed of i’th motor

/ distance from motor to center of gravity
c force-to-moment scaling factor

T torque vector

C coriolis component

Ayz state dependent disturbances including aerodynamic nonlinearities
A, state dependent disturbances including aerodynamic nonlinearities
e, e tracking errors

T, sliding mode errors

wi(*) basis function for NN approximation
Wi ideal NN weights

Fy force input to the position subsystem
A positive definite design matrix

F; positive definite design matrix

K, controller gain matrix

&y NN tuning error vector

K design constant

J(n) auxiliary inertia matrix

X1 X2 neural net inputs

ri, sliding mode errors

wi(*) basis function for NN approximation
K;, K, diagonal gain matrices

U Oy g desired u, 6, ¢ respectively

Frayaza elements of F (1)

a,b intermediate variables

qa desired trajectory

qB bounds for desired trajectory

Wp bounds for NN weights

Jum bound for auxiliary matrix
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L Lyapunov function candidate
ty final time

Xio» Vdo» %,  desired initial position

Xdy» Vd;» 2, desired final position

1 Introduction

Nowadays helicopters are designed to operate with high agility and rapid maneu-
vering, and are capable of work in degraded environments including wind gusts etc.
Helicopter control often requires holding at a particular trimmed state, generally
hover, as well as making changes of velocity and acceleration in a desired way [1]. The
control of unmanned rotorcraft is becoming more and more important due to their
usefulness in rescue, surveillance, inspection, mapping etc. For these applications the
ability of the rotorcraft to maneuver sharply and hover precisely is important.

Like fixed-wing aircraft control, rotorcraft control is involved in controlling
attitude—roll, pitch, and yaw—and position—x, y, z—either separately or in a cou-
pled way. But the main difference is that, due to the unique body structure of
a rotorcraft, as well as the rotor dynamics, the rotorcraft attitude dynamics and
position dynamics are strongly coupled. Therefore, it is very difficult to design a
decoupled control law of good structure that stabilizes the faster and slower dynamics
simultaneously. On the contrary, for a fixed-wing aircraft it is known how to design
decoupled standard controllers [2] with intuitively comprehensible structure and
performance. Flight controllers of good structure are needed for robustness, as well
as to give some intuitive feel for the functioning of autopilots, Stability Augmentation
System (SAS), and Control Augmentation System (CAS).

The dynamics of a quadrotor [3-7] are a simplified form of helicopter dynamics
that exhibit the basic problems of rotorcraft including underactuation, strong cou-
pling, multi-input/multi-output design, and unknown nonlinearities. In the quadrotor
the movement is caused by the resultant forces and moments of four independent
rotors. Control design for a quadrotor is quite similar to a helicopter but simplified,
so that the quadrotor serves as a suitable, more tractable, case study for rotorcraft
controls design. Therefore, numerous papers have dealt with control of the quadro-
tor, with many approaches available in that literature that use different control tech-
niques. Popular methods include linearization and linear quadratic regulator (LQR)
or H-infinity state-space design, model-predictive control [8] feedback linearization,
and backstepping [9].

Specifically, [3, 10, 11] considered the Lagrangian model of a quadrotor and
derived what was in effect a backstepping controller with three loops: heading/z
motion, x motion, and y motion. Nested saturation control was used in each loop.
Exact compensation was assumed in each loop. The control law was tested on
a practical quadrotor model. References [4, 12] compared the performance of a
proportional-integral-derivative (PID) controller with a LQ control law on a micro
vertical take-off and landing (VTOL) test bench. These papers presented a good
accurate dynamic model, and discussed the mechanical structure and sensors of the
quadrotor. Reference [13] discussed the robust trajectory tracking of a Lagrangian
quadrotor model using backstepping control and proved the stability for any given
but bounded trajectory. A nonlinear H,, type robust control law was used in [7, 14],
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with [14] demonstrating that the robust hover controller can handle large parameter
uncertainty with respect to their nominal values.

A popular method for handling unknown nonlinearities is to introduce neural
networks, tuned online using adaptive control techniques. Reference [15] used an
adaptive dynamic programming (ADP) based controller. Reference [16] used dy-
namic inversion with neural networks to account for unknown dynamics and dynamic
inversion errors for a helicopter model. Reference [17] used an innovative method
known as pseudo-control hedging (PCH) with a single neural network employed for
both inner and outer loops to account for unknown dynamics and bounded control
inputs. Reference [18] used backstepping with neural networks for an unmanned
air vehicle to confront modeling errors and unmodeled dynamics. It was based on
a nonlinear state space model of an aircraft. Reference [19] presented a Lagrangian
dynamic model of X4-flyer with motor dynamics and gyroscopic effects included.
References [20, 21] used a feedback linearization approach. Reference [22] presented
different control architectures such as feedback linearization, backstepping based
on visual feedback as the primary sensor. Reference [23] discussed the dynamic
modeling of a unmanned aerial vehicle (UAV) Dragan flyer III and a H,, loop
shaping flight controller as a position control law. Reference [24] presented a
quasioptimal trajectory planner with a LOR path following controller. Reference
[25] developed a simulation tool for an indoor flight-capable quadrotor based on
MEMS sensors and rangefinders.

Most work in quadrotor control that uses backstepping design or other nonlinear
control formulations like feedback linearization are based on state-variable formula-
tions. This results in control laws that are complex and often require the evaluation
of lie derivatives. Reference [26] does perform backstepping on the Euler-Lagrange
dynamics, but backstepping is performed on a virtual input that is a bilinear product
involving thrust input. This results in complications and extra states are added, which
we avoid.

The contribution of this paper is to apply backstepping to the coupled Lagrangian
form (not the state-variable form) of the dynamics; this yields a controller of
appealing structure having an attitude control inner loop and a position control outer
loop. It is not straightforward to apply backstepping to the Lagrangian dynamics
since the position subsystem is bilinear in the virtual control (see [26]). This is
confronted herein using an inverse kinematics solution such as is used in robotics
[27]. This allows us to simply take the attitudes directly as the virtual inputs. To
combat unknown nonlinearities we use neural networks [28, 29] to estimate unknown
nonlinear terms and aerodynamic forces and moments. The resulting controller has
a structure that is intuitively appealing, as in fixed-wing aircraft SAS and CAS.
Moreover, rigorous stability proofs provided herein give increased confidence in this
structure. Simulation results are shown to validate the control law discussed in this

paper.
2 Quadrotor Dynamics

In this subsection we will describe the dynamical model of the quadrotor. See Fig. 1.
The quadrotor has some basic advantages over the conventional helicopter [11] in

terms of simplicity of dynamics and control design. Given that the front and the rear
motors rotate counter-clockwise while the other two rotate clockwise, gyroscopic

@ Springer



J Intell Robot Syst (2009) 56:127-151 131

Fig. 1 Model of a typical £
quadrotor
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effects and aerodynamic torques tend to cancel in trimmed flight. This four-rotor
rotorcraft does not have a swashplate [3]. In fact it does not need any blade pitch
control. The collective input (or throttle input) is the sum of the thrusts of the
individual motors (see Fig. 1). This results in simplified dynamics. Pitch movement is
obtained by increasing (resp. reducing) the speed of the rear motor while reducing
(resp. increasing) the speed of the front motor. The roll movement is obtained
similarly using the lateral motors. The yaw movement is obtained by increasing (resp.
decreasing) the speed of the front and rear motors while decreasing (resp. increasing)
the speed of the lateral motors [11]. The dynamics of the four rotors are relatively
much faster than the main system and thus neglected.

The generalized coordinates of the quadrotor are g = (x, y, z, ¥, 0, ©)T where
(x, v, z) represents the relative position of the center of mass of the quadrotor with
respect to an inertial frame and (v, 8, ¢) are the three Euler angles representing the
orientation of the rotorcraft, namely yaw, pitch, roll. Define the translational and
rotational variables respectively as & = (x, y, z)” € RPand n = (¢, 6, 9)T € R°.

The dynamic model of the rotorcraft can be written [11] as the position subsystem

0
mé+| 0 | =Fy 1)
mg
and the rotation subsystem
Janii+ S ayn—2 L (Tra )
J— _—— =T
i+ 2 @ 337 n
or, by appropriate definition of variables,
Jonii+C(n)n=r 3)
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The auxiliary (effective) inertia matrix is defined as,

T =J=TI%T, (4)
—sinf 0 1
with 7)) = | cos@sinyy cosy O | a rotation transformation and ¥ the (constant)

cosf cosy —sinyr 0
quadrotor inertia matrix.
The virtual input (e.g. an input that we cannot directly control) into the position
—siné
subsystem (1) is the force vector F; = u | cos@sing |. The force exerted by the ith
cos b cos @

4
rotor is denoted as f; and the control inputs are defined as the total thrust u = Y_ f;,
i=
Ty T
and the torques t = | 7 |. The control inputs (u, t)" are given in terms of the
Ty
forces ( f; = kw,@}, i =1...4) of the four rotors of the quadrotor by the relation

u 11 1 1 f1
Ty _ [ 0 -10 f2 _
Ty o 0-/ 0 ! f3 o Mf (5)
Ty c—cc —c fa
Se———— ——

M !

where [/ is the distance from the motors to the center of gravity, and c is a constant
known as force-to-moment scaling factor. Thus, if a required thrust and torque
vector are given, one may solve for the rotor forces via matrix inversion using Eq. 5.
Therefore, we show in the subsequent development how to design the control inputs
(u, ) r

Vector C (n, 77) 77 is the coriolis/centripetal term. From Eq. 2, the matrix C (r;, 77)

can be represented, assuming the inertia matrix X for a typical quadrotor is
symmetric, as

. d 19 /T
C('I, '7) E] — 53777 (77 J('])) ©)
PP S N
_ZTHE;[’ 2om (ﬂ](n))

Note that the representation of matrix C (n, 77) is not unique [27]. However, using the

specific representation (Eq. 6), it can be proved that (%J (m) —2C (n, 77)) is skew-

symmetric. This is needed later in Lyapunov proofs referred to the dynamics (Eq. 3).
Note that for a quadrotor the inertia matrix X is constant but the effective inertia
J = J(n) is not a constant.
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In summary, the coupled Lagrangian form of the dynamics is given as

. —sin6 0
mé =u| cosOsing | + 0 (7
cos 6 cos ¢ —mg
Jij==C (nn) 0+ ®)

where total thrust u € R and torque 7 € R® are the control inputs. This system is a
coupled Lagrangian form underactuated system with six outputs and four inputs.

3 Backstepping Control Design

Backstepping control design is effective for a class of underactuated systems [9, 30].
Many robot and aircraft control problems are included in the class of underactuated
systems [27]. Backstepping for the quadrotor has normally been applied to the state-
variable form, which introduces unnecessary complications (e.g. lie derivatives).

Note that the state of the quadrotor in Eqs. 7 and 8 is (é, &, n, T}), which has

12 components. In this paper we use backstepping control design directly on the
Lagrangian quadrotor dynamics. This is complicated by the fact that Eq. 7 is bilinear
in the controls due to the first term on the right-hand side (i.e. F;). Taking this entire
bilinear term as a virtual control leads to complications (see [26]).

The quadrotor dynamics have a simplified form due to its physical construction
and the decoupled control effects inherent in the four motor design. However,
for aggressive maneuverability, we would like to include aerodynamic forces and
moments in the quadrotor equations. These are unknown forces containing nonlinear
terms in the states that appear in any object that moves through the air. Note that the
quadrotor has an equivalent area cross section in each of the x, y and z directions.
These areas are difficult to determine, are state dependent, and can usually be
found only through wind tunnel tests. The aerodynamic forces are of two types:
lift force due to dynamic pressure and drag force due to viscosity effects. They
can be separated into components in each of the x, y, z directions. Likewise, the
aerodynamic torques have three components as torques around the three axes.

Therefore, rewrite the quadrotor dynamics Eqgs. 7 and 8 to include unmod-
eled state-dependent disturbances that include aerodynamic forces and moments
Ay, Ay, A A, This yields the Lagrangian form

mi = —usind + A,
my = ucosfsing + A, 9)
mZ = ucosfcosp —mg+ A,

v 7 o
Jél=(=]-c (n, )0 +4, (10)
¢ i

Now we will use backstepping to determine a control structure to make the position
£ = (x, y, 2)T of the quadrotor follow a desired smooth (e.g. at least twice differen-
tiable) trajectory (x4(f), y4(8), za(¢)). The end result is shown in Fig. 2.
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Fig.2 Control configuration

To achieve this purpose, the first step of backstepping focuses on the position
dynamics (Eq. 9). Define the position tracking error e; () of the subsystem given by
Eq. 9 and the sliding mode error r|(¢) as [28]

e ==X, yi—y 2a—2) =& —¢ (11)

I :él—l—Ale] (12)

where, A, is a diagonal positive definite design parameter matrix. Common usage is
to select A diagonal with positive entries. Then, Eq. 12 is a stable system so that e,
is bounded as long as the controller guarantees that the filtered error r; is bounded.
In fact it is easy to show [28] that one has

7ol

lledll < ,
Omin (Al)

e < i (13)

Note that e; + A e; = 0 defines a stable sliding mode surface. The function of the
controller to be designed is to force the system onto this surface by making r; small.
The parameter A, is selected for a desired sliding mode response

er () =e; e (0) (14)

We now focus on designing a controller to keep |7 || small. Then the error dynamics
becomes

mif] :m'e'1+mA1é1 (15)
' Xy X
=smri=m| g | —m| V| +mA(r — Aey) (16)
Za b4
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A —usin® 0 Ay
mri=még— | ucosfsing | —| 0 | —| A, | +mA (i —Arer) (17)
ucosf cos ¢ —mg A;
or,
mry = még+mAr, — mAlzel — Fy—mg— Ay, (18)
—usin6 Ay 0
where, Fy = | ucosfOsing |, Ay, =| A, | andmg = 0
ucosf cos ¢ A, —mg

The ideal force (virtual force) which stabilizes the tracking error dynamics
(Eq. 18) is
t
ﬁd:mgd—mA%EI —mg—Axyz—f—K,]rl —|—Kl'1 /rldt/ (19)
0

where, A,y is an approximation (to be detailed later) of the aerodynamic function
Ay, and control gain matrices K, > 0, K;, > 0 are diagonal.. Using Eq. 19 in Eq. 18
yields the closed-loop error dynamics

t
mry = — (K,I —mAl)rl - Axyz - K, /rldt’ (20)

0

where, flxyz = Ayy; — Ayis the approximate error. We shall show in subsequent
proofs the beneficial properties of this error dynamics system.

Now it is necessary to perform step 2 of the backstepping procedure, which selects
the control inputs, # and torque 7, to generate the desired force (Eq. 19). The
simplicity of the Lagrangian form must be preserved in an effective backstepping
procedure. This means one must determine the desired values of u and of (v, 0, ¢)
for the second backstepping step that involves the attitude dynamics (Eq. 10). Note
that yaw ¢ does not appear in Eq. 9, so its desired value ¥, can be selected as a
reference input. Call the remaining desired values ¢4, ; and u,. To generate the
ideal force f’d in Eq. 19 would require the use of ¢4, 6; and u, given by the solution
to

—Uysin 6y
ugcosfysingy | = Fy (21)
Ug CcOS B4 cO8 @q

Thus, given f’d as computed from Eq. 19, one must solve for ¢4, 6; and u,. This is
straightforward using robot inverse kinematics notions. The procedure is given in
Section 4.

Now a NN is used to approximate A,,; which is unknown. It can be shown from
[31] that A,,, can be approximated using a NN as

UNN, = —Ary: = W () + & (22)

AT
where W is an unknown ideal NN output weight matrix and x; = (é, ry,n, 77) is the
input of the NN. The NN activation function vector p;(-) must be selected as a basis
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set for the unknown function, which is required for suitable NN approximation. The
NN activation function p;(-) should be chosen to capture any known nonlinearity
present in the aerodynamics. The NN estimation error ¢; is bounded by |&;| < e,
on a compact set, with a known bound ¢y, .

Note that one could use a two-layer neural net for approximation. This is nonlin-
ear in the weight parameters (NLIP), and introduces extra complications in the proof,
which are nonetheless tractable. This technology has been described in [28, 32]. In
order to focus on the contributions of this paper without extra complications, we use
the linear-in-the-parameter NN here. Therefore, an approximation to the unknown
aerodynamic forces is taken as

ﬁNNl = _Axyz = W]T//LI (Xl) (23)

with W, the actual NN weights. In Section 5 we will discuss how to tune the NN
weights W, to provide stability and bounded sliding mode error dynamics (20).
The desired force input into the position dynamics is thus taken as

t
Fy=mé, — mAle, — my + WITM () + K,r1 + K, /rldt’ (24)
0
Define,
Ay = Wl ) = Wl () + 61 = Wi O0) + 1 (25)

Now Eq. 20 becomes,
t
mr=— (K, —mAy)r+ Wi (xl)—KiI/FIdl”rel (26)
0

By solving Eq. 21 with F; computed using Eq. 24, as detailed in Section 4, the desired
pseudo-commands ¢y, 6,4, uy for the subsystem given by Eq. 9 are determined. Note
that uy,is directly applied to the plant as input. Now, the second step of backstepping
is performed. We select a control input 7 for Eq. 10 to generate ¢y, 6,. Note that v,
does not appear in Eq. 9 and so can be selected as an independent desired reference
input. Define ny = (¢q, 04, Wd)T

Defining the tracking error e,(¢) and the sliding mode error r;(¢) as,

er=Wa—V,00—0,04—¢)" (27)
= éz + 20 (28)

where, A, is a diagonal positive definite design parameter matrix with similar
characteristic of A,. Then designing a controller to keep ||72|| small will guarantee

that |le,|| and Héz H are small.
Then error dynamics given by
Jé =Jé&+JMe

= Jiig— {z _cC (n, ﬁ) 0 +A,,] £ T Ay (1 — Aser) @)
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and from Eq. 28

N=—r+ ZH-Azez (30)
Substituting 1 from Eq. 30 in Eq. 29 yields

J;; = Jiig — {r —-C (n, ﬁ) (—rz + Z +A2e2> + A,,} +J Ay (ry = Azer)  (31)

Jr=—t-C (n, ﬁ) ra+ {Jﬁd —A,+C (n, r'z) (Z +A2e2> - JAgez} T Ay (32)
Now, a second NN is introduced to approximate

{Jﬁd -A,+C (n, 77) (Z +Azez> - JA%ez}. According to [31], this can be

approximated as
Al . N[ 2 | wr
NN, 2 {Jnd — A, +C (n, n) (Z +A2e2> - ]Azez} =W () +e (33)

where W, is the unknown ideal NN weight matrix, u,(-) is an another basis activation
function which is to be chosen to estimate the known nonlinearities present in the
system. e; is estimation error which is bounded by ||, || < ey, on a compact set with
the input to the NN is selected as x, = (1, r1, r,)T and thus one can select

UNN, = W s (x2) (34)

with W, is the actual NN weights.
Define the control input ras

t

T = ﬁNN2 + Krzrg + I(,'2 /l’gdl‘, (35)
0

with K,, > 0, K;, > 0 are diagonal gain matrices and also

Iz = vz — Onne = W o () — Wi o () + &2 = W (o) + &2 (36)
Then Eq. 32 reduces to the form,

3 t
Try = tnn, + JAars — C (n, n) rs — Ky,rs — K, / radt (37)
0
. - . t
Tty =W () — [K,2 + C(n, n) - JA2] rh — K, / ndf +5  (38)
0

with the estimation error

UNN, = NN, — ONN, = W3 12 (x2) — Wl o () + 62 = Wi na (x) + &2 (39)

4 Solution and Feasibility of F,

Here, we show how to confront the bilinearity in the control which appears in the
position dynamics given by Eq. 9. We derive the final control law based on the
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assumption that ﬁd is feasible, that is, it is possible to find a solution for u,, ¢; and
64 in Eq. 21. In fact, given any Fy, the solution of Eq. 21 is easy using robot inverse
kinematics [27] and is given here. Inverse Kinematics is one of the popular methods
in robotics used for finding the joint variables given a desired Cartesian position [33].

For the problem discussed above, one must find angular positions (u4, ¢4, 64) for
a given I:"d in

—UgSin By .
ugcosysingg | = Fy () € R® (40)
Ug cOS B4 cos @g
Define
a=ugsinf;, b = u;zcosby (41)
Then
—a n fxd (t)
bsingg | =Fa0 =1 f,, ® (42)
b cos ¢4 Tz (@
so that
a=—f, @ (43)
and
b2 sin® g + b2 cos® pq = fi ) + fzzd (3) (44)
=b=/f0O+ 0 (45)
From Eq. 42,
(g sin0g)* + (ug cos Hy)* = a* + b*? (46)
:>u§:a2+b2 47)
ug =+a*+b? (48)
and
a
tan6,; = A (49)
a
6, = tan”! (B> (50)
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Finally from Eq. 42

o

tan g = de (51)
@a = tan”' <%) (52)

This procedure shows that Eq. 21 has a solution (u4, ¢4, 64) for all ﬁd. We assume
that f,, # 0 i.e. ¢ and ¢ are not 90°. Then (u,4, ¢4, 64) are given respectively by
Eqgs. 48, 50 and 52.

5 Stability Analysis and NN Tuning

In Section 3, the control law given by Eq. 35 is derived from desired attitudes ¢4, 64
and v, where ¢4, 0; are obtained from the solution of Eq. 21 and given by Egs. 50
and 52 respectively. The required lift u, is given by Eq. 48, and desired yaw v, is
an external reference command. The control structure is shown in Fig. 2. There, one
has an outer kinematics loop with inputs the desired reference positions (x4, V4, Z4),
and an inner dynamics loop for attitude control to generate the required angles
(¢4, B4, ¥q). Note that, the desired command inputs are &; = (x4(t), yq(t), z4(t)) as
well as desired yaw v,(f), which are given as reference trajectory inputs.

Based on the Lyapunov theory the feasibility of the control law given by Eq. 35 is
discussed in this section, and tuning laws are given for the NN weights to guarantee
stability. The related background literature can be found in [28].

Assumptions:

(a) Desired trajectory q; = (SdT wd)T is bounded i.e. ||g4]| < gpfor some known

bound gp.
(b) Ideal NN weights Wy, W, are bounded, i.e. 3;1 < Wpg for some known bound
2
Wpg.

(c) The auxiliary matrix can be upper bounded as J () < Jy with Jy € 0 a known
positive constant.

Note that assumption (a) always holds. Assumption (b) holds on a compact set,
and assumption (c) holds since J is an inertia matrix containing sines and cosines
of [poy]” [27].

Now follows the main result given by Theorem 5.1 which proves that r; and r, are
Uniformly Ultimately Bounded (UUB) if the NN are properly tuned. According to
the definition given by Eq. 12 of r; and Eq. 28 of r,, this guarantees that e; and e, are
UUB since

lerl < lls+ Al =" lIrdll < (@min (AD) " 71l

. _ 53
leall < lls + A2l =" lIr2ll < (omin (A2))~" lI72 3)

where opin (A;) is the minimum eigenvalue of A;,i =1, 2.

@ Springer



140 J Intell Robot Syst (2009) 56:127-151

Theorem 5.1 Given the system as described in Eqs. 9 and 10 with a control architec-
ture shown in Fig. 2 and control inputs given by Eqs. 48 and 48. Under the assumptions,
suppose that

[Ky, —mA(] >0, [K,, — JyA2] >0

and the NN weight tuning laws are given as

Wi = Fuur! =« Irll Fi W, } (54)

Ws = Fopor] — i | W,

with proposed desired tuning parameter matrices Fi = FI' > 0, F, = F] > 0. Then
the errors r\(t), ry(t) and the NN weight estimation errors W, (1), W5 (t) are UUB
with practical bounds given by Eqs. 63 and 65. Moreover the tracking errors ry r;
can be made arbitrarily small with a suitable choice of design parameters K,,, K,,, A,
and A,.

A 1 T
P”OOfDeﬁne,rZ[:l]Wz(Wl>,,ur:(:“1"1T> and F:FT:[%1§]>
= =2

2 Mol
0,6 >0
Consider the following Lyapunov function candidate:

L=3rlmri+3rlir,+ 1 [fot rlet/] K; [fot rldt/]

(55)
+ 3| forkar | K, [ fyradr | + Jor W7 FWY )
Then,
- K, —mA 0 &
_ T r 1 T 1
L=-r |: 0 KrZ—JA2i|r+r |:£2i|
L . e W (F'w 56
ERAE ry Cry+tr + iy (56)
Now let,
W = —Fu, +« Irll FW (57)
Continuing with Eq. 55 using Eq. 57,
. T T 1 T(7_ STARY )
L<-r'"Kyg+r 8”+2r J2C)r+«|r||tr \W'W (58)
where
_ Kr] —mAl 0 &
o N e I (59)
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The hypothesis guarantees K, > 0. Therefore

L=—r"Kir+rTe, +or (J 2C)r—|—/c||r||tr{WT (w- W)} (60)

where, (J —ZC) is skew symmetric [34] and thus it can be shown that r” (J —ZC)
r=0. 5

Since, tr [WT (W — W)] < H WHF IWir— H W”F with ||-|| r the Frobenius norm,
there results

. - ~ 112
L= = 1Kol 12+ U L [ W] 00 = [ W] E =+ leulmas 71

TR (61)
=—||r||{||1<v||mm i+ W] = W] iwe —||av||max}

where, || K, |lmin 1S the minimum possible norm of for different parameter values of

K,. Similarly, ||&, || nax 1S the maximum possible vector norm of ¢,,.
Now Eq. 61 can be rewritten as,

. W W 2
L=—1rl {K[HWH | ”F] e K ||r||—||ev||max} (62)

4

If | W] < Wp then, L < 0if and only if,

W2
TB + ”811 ”max

> A K~ (©

or from Eq. 61 we can write considering positive definiteness of K, and
W] AT = 1Wie] = el > 0 (64)
[, = (S o) 5

Thus, [ is negative outside a compact set. Selecting the gain K, ensures that the
compact set defined by ||r|| < b, is bounded, so that the approximation property

holds throughout. This ensures UUB for |r|| and HW”F stated in Egs. 63 and 65
respectively. o

6 Simulation Result

In practice the NN’s can be initialized with zero weights. Then, during the initializa-
tion, the PID controllers defined by Egs. 19 and 35 with NN’s removed stabilize the
closed loop system until the NN weights begin to learn using the tuning laws (Eq. 54).
An assumption on the initial tracking error magnitude is technically needed. For
details see [28] in page 198.
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Angular Position errors in rad
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Fig. 5 Resultant angular positions and errors

The centripetal/coriolis components are defined by Eq. 6 with the auxiliary matrix
.83 + Eycgszw + Ezcgcf/, (By — ;) cosypcy —Zusp
J(n) = (By — ) cocysy Tyey + X, 0 (66)
—szg 0 Ex

The aerodynamic components are taken as representative functions as follows

x2¢ X2
Axyz = y2é ’An = yéz (67)
229 Y2

The physical interpretation of Ay,;, A, have been elaborated in Section 3. The
nonlinear terms introduced here are merely a representation of unmodeled state-
dependent disturbances used in this particular study to show the effectiveness of the
controller in rejecting these unknown terms. These terms are used in the simulation
but are not required to implement the control law. In actual UAV, the aerodynamic
forces and moments will be more complicated, but they are nevertheless effectively
estimated by the NNs.

Reference trajectory generation:
As outlined in [35, 36], a reference trajectory is derived that goes from a prescribed

initial position (xdo, Vdy zdo) to a prescribed final position (xd £ Ydss 2d f) such that
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Fig. 6 Input commands for Case I

the jerk (rate of change of acceleration) is minimized over the time horizon. This
trajectory ensures that the velocities and accelerations at the end point are zero while
meeting the position tracking objective. The following summarizes this approach.

Positions in meter

Position erros in meter

Time in Sec

Fig. 7 Plots of position and position tracking errors for xcommand only

@ Springer



J Intell Robot Syst (2009) 56:127-151 145

X 10_3

ko] 4 T T T T T

o g )

ﬁ ] e e e i STTEMER d

2 i D o

'..E i 4

3 0 N, ! g g 6a

o AN i ,"’ —————

FY I SN S~ N S SR 9

=] . i i

o)) RN P

2 | Ttsea-

< 4 | | | | |

0 10 20 30 40 50 60
Time in Sec

5 x10°

5 T T T | . T

© P ! 0q-0

o R ;

E ""‘ S ed -0

S o = :

2 3

o

3 ."--..... ‘.-""'. H H H H

> 5 1 I I I I

< 0 10 20 30 40 50 60

Time in Sec
Fig.8 Angular variations due to change in x
Select
: 2 3 4
{f(t) =a,, +2ay,t + 3as,t° + 4as t° + Sas t (68)
Differentiating again,
¥4 (t) = 2ay, + 6a3.t + 12a4, 1> + 20as 1 (69)

The initial and final velocities and accelerations are zero; therefore from [35, 36] one
has

d, 1ty 1} as,
0 = 3 4[f 5[2); ayg, (70)
0 6 12t 20tf as,
where, d, = (x4, — Xq,) / t}. Now, solving for coefficients
-1
as, 1ty tz d,
as, | = | 3 415 503 0 (71)
as, 6 125 2015 0
Thus the desired trajectory for the x direction is given by
Xq (t) = x4, + a3, +ag t* +as (72)
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Fig. 9 Input commands for variation in x(Case II)

Similarly, the reference trajectories for the y and z directions are gives by Eqs. 73
and 74 respectively.

ya (O = ya, + a3, +ag t* +as P (73)
za(t) = 24, + a3, +as t* +as.© (74)

The beauty of this method lies in the fact that more demanding changes in position
can be accommodated by varying the final time. That is, acceleration/torque ratio
can be controlled smoothly as per requirement. For an example simulation of
trajectory generation let us consider a initial condition ¢ = 0, x4, = 0 and a desired
final condition as ¢ = 10, x4, = 10. Thus one has d, = 0.01 and Eq. 71 yields the
coefficients.

xq () = 0.1 = 0.015¢* 4 0.0006¢° (75)

The trajectories for the four final positions namely x,, = 10, 20, 30, 40 are shown in
Fig. 3.

Neural network parameters:

The number of NN neurons used in the simulation is ten. This number was selected
as follows. The simulation was done with ten neurons. Then, using eight neurons the
performance deteriorated. On the other hand, a simulation using 12 neurons did not
improve performance. Therefore, ten neurons are selected. NN weight tuning gains
are given by Fy = diag(5[1; 1; 11); F, = diag(5[1; 1; 11); k1 = 0.01; k; = 0.01. The NN
weights were initialized at zero, so that initially the tracking loops held the vehicle
stable. Once the NNs begin to learn, their outputs are added to the control signals to
better compensate the unknown nonlinear force and moment terms.
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Two cases are considered in the simulation to show respectively the good tracking
property of the control law and its decoupling effectiveness. In the all following cases
we set the yaw angle to ¥; = 0.

Case 1: To show effectiveness in tracking a desired (guided) trajectory

Figure 4 describes the controlled motion of the quadrotor from its initial position
(0, 0, 0) to final position (20, 5, 10) for a given time (40 s). The desired trajectory
were generated using Eqs. 72, 73, and 74. The actual trajectories x(¢), y(¢), z(f) match
exactly their desired values x;(?), yq(f), zq4(f) respectively nearly exactly. The errors
along the three axes are also shown in the same figure. It can be seen that the tracking
is almost perfect as well as the tracking errors are significantly small. This is in spite of
the unknown nonlinearities (Eq. 68) that are injected into the simulation dynamics,
which are effectively compensated by the neural networks. Figure 5 describes the
attitude of the quadrotor ¢, 0 along with their demands ¢4, ; and attitude errors
in radian. Again the angles match their command values nearly perfectly. Figure 6
describes the control input requirement which is very much realizable. Note that as
described before the control requirement for yaw angle is t, = 0 and it is seen from
Fig. 6.

Case 2: To show the motion decoupling in response to position commands

The quadrotor is commanded to move from (0,5,10) to (20,5,10), which only
involves a translation in the x direction. Figures 7 and 8 illustrate the decoupling
performance of the control law. Figure 7 shows that x(f) follows the command
x4(t) nearly perfectly. The other variables y(f) and z(f) are held at their initial
values. Figure 8 shows that the change in x does not make any influence on ¢. The
corresponding control inputs are also shown in Fig. 9 and due to the full decoupling
effect it is seen that 7, is almost zero.

Similar type of simulations performed for y and z directional motions separately
yield similar plots that show excellent tracking with decoupling.

Case 3: Comparison study: adaptive backstepping proposed in this paper vs. the
controller adopted from [11]

Reference [11] presented a three-loop design for a quadrotor controller. A first
loop controlled altitude z and yaw. Assuming perfect control in that loop, a second
loop stabilized lateral position y and roll to zero using a ‘nested saturation control’.
Assuming again perfect compensation, a third and final loop stabilized forward
position x and pitch to zero. Though not developed as such in [11], this is actually
a very interesting and intuitive form of backstepping control. Here we compare
the performance of the controller in [11] with our controller for an altitude change
command trajectory.

Figures 10, 11 and 12 shows the comparison simulation results between the
adaptive backstepping controller proposed in this paper and the controller adopted
from [11]. Figures 10, 11 and 12 shows the simulation study for hovering control of a
quadrotor. That is, the quadrotor is to be controlled along a guided desired trajectory
z4 while x4, y4 should remain silent. The response for the adaptive backstepping
controller proposed in this paper is depicted with subscript n and the response of
the controller described in [11] is depicted with subscript o. Firstly from Fig. 10 we
can see that the controller proposed in this paper follows the trajectory z; more
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Fig. 10 Case I1I: Comparison result: position response

accurately than the backstepping controller in [11] (see error response z4 — 2Z,,). From
the error responses found in the simulation, it is seen that NN backstepping controller
proposed in this paper also has less position error magnitude in x and y directions
than the backstepping controller in [11]. This shows that the controller proposed in
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Fig. 11 Case III: Comparison result: attitude response
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Fig. 12 Case III: Comparison result: input commands

this paper has more decoupling capacity than the controller proposed in [11]. Note
that the controller in [11] did not consider nonlinear forces and moments.

From Fig. 11 it is seen that the attitude stabilization occurs more quickly for the
controller proposed in this paper than controller proposed in [11]. The thrust input
shown in Fig. 12 shows the chattering due to the nested saturation controller in [11],
and reveals that our backstepping controller generates a smoother control.

It is also seen from Figs. 11 and 12, that initial variations in attitude and torque
are higher for our controller than that in [11]. This is because of the transient phase
of NN weights from their initial assigned values of zero to the learned final values
for effective compensation of the unknown nonlinearities. From the simulation it is
seen, however, that after a very short time these transients vanish.

Remark We conclude from the simulation results that NN backstepping controller
gives satisfactory results for a wide range of nonlinearities. The resulting controller
structure in Fig. 2 yields tracking with excellent decoupling between command chan-
nels. The NN learns on-line to effectively compensate for the unknown aerodynamics

forces and moments as well as the nonlinear terms C (n, 77)

7 Conclusion

A backstepping approach to design nonlinear controller for a quadrotor dynamics
is discussed in this paper. Using this approach, an intuitively structured controller
was derived that has an outer kinematics position control loop and an inner dynamic
attitude control loop. The dynamics of a quadrotor are a simplified form of helicopter
dynamics that exhibits the basic problems including underactuation, strong coupling,
multi-input/multi-output, and unknown nonlinearities. The force dynamics of the

@ Springer



150 J Intell Robot Syst (2009) 56:127-151

quadrotor is completely independent of the rotational dynamics except through
the aerodynamic state dependent disturbances including aerodynamic coefficients.
These unmodeled state dependent dynamics are estimated by NN and thus yielding a
robust control law. The simulation results shown at the end demonstrate the validity
of the control law discussed in the paper.

Acknowledgements The research work presented in this paper is supported by NSF grant ECCS-
0801330 and ARO grant W91NF-05-1-0314 and the Army National Automotive Center NAC.

References

1. Koo, T.J., Sastry, S.: Output tracking control design of a helicopter model based on approximate
linearization. In: Proceedings of the 37th Conference on Decision and Control. Tampa, Florida
(1998)

2. Stevens, B.L., Lewis, F.L.: Aircraft Control and Simulation. Wiley, New York (2003)

3. Castillo, P., Lozano, R., Dzul, A.: Modelling and Control of Mini Flying Machines. Springer,
Berlin (2005)

4. Bouabdallah, S., Noth, A., Siegwart, R.: PID vs LQ control techniques applied to an weight aug-
mentation high energy consumption indoor micro quadrotor. In: Proceedings of 2004 IEEEIRS.J
Internationel Conference on Intelligent Robots and Systems. Sendal, Japan (2004)

5. Madani, T., Benallegue, A.: Backstepping control for a quadrotor helicopter. In: Proceedings of
the 2006 IEEE/RSJ International Conference on Intelligent Robots and Systems. Beijing, China
(2006)

6. Mokhtari, A., Benallegue, A., Orlov, Y.: Exact linearization and sliding mode observer for a
quadrotor unmanned aerial vehicle. Int. J. Robot. Autom. 21, 39-49 (2006). doi:10.2316/Journal.
206.2006.1.206-2842

7. Mokhtari, A., Benallegue, A., Daachi, B.: Robust feedback linearization and GHoo controller
for a quadrotor unmanned aerial vehicle. J. Electr. Eng. 57, 20-27 (2006)

8. Kim, H.J., Shim, D.H., Sastry, S.: Nonlinear model predictive tracking control for rotorcraft-
based unmanned aerial vehicles. In: Proceedings of the American Control Conference.
Anchorage, AK (2002)

9. Kanellakopoulos, I., Kokotovic, P.V., Morse, A.S.: Systematic design of adaptive controllers for
feedback linearizable systems. IEEE Trans. Automat. Contr. 36, 1241-1253 (1991). doi:10.1109/
9.100933

10. Castillo, P., Dzul, A., Lozano, R.: Real-time stabilization and tracking of a four-rotor mini
rotorcraft. IEEE Trans. Contr. Syst. Technol. 12, 510-516 (2004). doi:10.1109/TCST.2004.825052

11. Castillo, P., Lozano, R., Dzul, A.: Stabilization of a mini rotorcraft having four rotors. IEEE
Contr. Syst. Mag. 25, 45-55 (2005). doi:10.1109/MCS.2005.1550152

12. Bouabdallah, S., Noth, A., Siegwart, R.: PID vs LQ control techniques applied to an indoor
micro quadrotor. In: International Conference on Intelligent Robots and Systems, pp. 2451-2456
(2004)

13. Mahony, R., Hamel, T.: Robust trajectory tracking for a scale model autonomous helicopter. Int.
J. Robust Nonlinear Contr. 14, 1035-1059 (2005). doi:10.1002/rnc.931

14. Yang, C.D., Liu, W.H.: Nonlinear Hoo Decoupling hover control of helicopter with parameter
uncertainties. In: Proceedings of the American Control Conference. Denver, Colorado (2003)

15. Enns, R., Si, J.: Helicopter flight control design using a learning control Approachl. In: Proceed-
ings of the 39th Conference on Decision and Control. Sydney, Australia (2000)

16. Calise, AJ., Kim, B.S., Leitner, J., Prasad, J.V.R.: Helicopter adaptive flight control using neural
networks. In: Proceedings of the 33rd Conference on Decision and Control. Lake Buena Vista,
FL (1994)

17. Johnson, E., Kannan, S.: Adaptive trajectory control for autonomous helicopters. AIAA J. Guid.
Control Dyn. 28, 524-538 (2005). do0i:10.2514/1.6271

18. Farrell, J., Sharma, M., Polycarpou, M.: Backstepping-based flight control with adaptive function
approximation. AIAA J. Guid. Contr. Dyn. 28, 1089-1102 (2005)

19. Hamel, T., Mahony, R., Lozano, R., Ostrowski, J.: Dynamic modeling and configuration stabi-
lization for an X4-flyer. In: IFAC 15th Triennial World Congress. Barcelona, Spain (2002)

@ Springer


http://dx.doi.org/10.2316/Journal.206.2006.1.206-2842
http://dx.doi.org/10.2316/Journal.206.2006.1.206-2842
http://dx.doi.org/10.1109/9.100933
http://dx.doi.org/10.1109/9.100933
http://dx.doi.org/10.1109/TCST.2004.825052
http://dx.doi.org/10.1109/MCS.2005.1550152
http://dx.doi.org/10.1002/rnc.931
http://dx.doi.org/10.2514/1.6271

J Intell Robot Syst (2009) 56:127-151 151

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Mistler, V., Benallegue, A., M’Sirdi, N.K.: Exact linearization and non-interacting control of
a 4 rotors helicopter via dynamic feedback. In: 10th IEEE Int. Workshop on Robot-Human
Interactive Communication. Paris (2001)

Bijnens, B., Chu, Q.P., Voorsluijs, G.M., Mulder, J.A.: Adaptive feedback linearization flight
control for a helicopter UAV. In: AIAA Guidance, Navigation, and Control Conference and
Exhibit. San Francisco, California (2005)

Altug, E., Ostrowski, J.P., Mahony, R.: Control of a quadrotor helicopter using visual feedback.
In: IEEE International Conference on Robotics and Automation. Washington, DC (2002)
Cheng, M., Huzmezan, M.: A combined MBPC/2 DOF hinf controller for quad rotor unmanned
air vehicle. In: AIAA Atmospheric Flight Mechanics Conference and Exhibit. Austin, Texas,
USA (2003)

Cowling, I.D., Yakimenko, O.A., Whidborne, J.F., Cooke, A.K.: A prototype of an autonomous
controller for a quadrotor UAV. In: Proceedings of the European Control Conference. Kos,
Greece (2007)

Guo, W., Horn, J.: Modeling and simulation for the development of a quad-rotor UAV capable
of indoor flight. In: Modeling and Simulation Technologies Conference and Exhibit. Keystone,
Colorado (2006)

Mahony, R., Hamel, T., Dzul, A.: Hover control via lyapunov control for an autonomous model
helicopter. In: Proceedings of the 38th Conference on Decision & Control. Phoenix, Arizona
(1999)

Lewis, F.L., Dawson, D.M., Abdallah, C.T.: Robot Manipulator Control: Theory and Practices.
Marcel Dekker, New York (2004)

Lewis, F., Jagannathan, S., Yesildirek, A.: Neural Network Control of Robot Manipulators and
Nonlinear Systems. Taylor and Francis, London (1999)

Kim, Y.H., Lewis, F.L.: High Level Feedback Control With Neural Networks. World Scientific.
River Edge, NJ (1998)

Olfati-Saber, R.: Nonlinear control of underactuated mechanical systems with application to
robotics and aerospace vehicles. In: Doctor of Philosophy, Dept. of Electrical Engineering and
Computer Science, p. 307. MIT (2001)

Hornik, K., Stinchombe, M., White, H.: Multilayer feedforward networks are universal approxi-
mations. Neural Netw. 20, 359-366 (1989). doi:10.1016/0893-6080(89)90020-8

Lewis, F.L., Yesildirek, A., Liu, K.: Multilayer neural-net robot controller with guaranteed
tracking performance. IEEE Trans. Neural Netw. 7, 388-399 (1996). doi:10.1109/72.485674
Fantoni, I., Zavala, A., Lozano, R.: Global stabilization of a PVTOL aircraft with bounded thrust.
In: Proceedings of the 41st Conference on Decision and Control. Las Vegas, Nevada USA (2002)
Lewis, F.L., Abdallah, C.T., Dawson, D.M.: Control of Robot Manipulators. Macmillan, New
York (1993)

Flash, T., Hogan, N.: The coordination of arm movements: an experimentally confirmed mathe-
matical model. J. Neurosci. 5, 1688-1703 (1985)

Hogan, N.: Adaptive control of mechanical impedance by coactivation of antagonist muscles.
IEEE Trans. Automat. Contr. 29, 681-690 (1984). doi:10.1109/TAC.1984.1103644

@ Springer


http://dx.doi.org/10.1016/0893-6080(89)90020-8
http://dx.doi.org/10.1109/72.485674
http://dx.doi.org/10.1109/TAC.1984.1103644

	Backstepping Approach for Controlling a Quadrotor Using Lagrange Form Dynamics
	Abstract
	Introduction
	Quadrotor Dynamics
	Backstepping Control Design
	Solution and Feasibility of d 
	Stability Analysis and NN Tuning
	Simulation Result
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /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 (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


