Chapter 9 ®)
Unmanned Aerial Vehicles Geda

Abstract The multi-DOF dynamic model of unmanned aerial vehicles (UAVs) is a
highly nonlinear one and its control can be performed again with (i) global lineariza-
tion control methods, (ii) local linearization control methods and (iii) Lyapunov
analysis-based methods. In approach (i) the dynamic model of the UAV is trans-
formed into an equivalent linear description through the application of a change of
variables (diffeomorphisms). In (ii) the nonlinear model of the UAV is decomposed
into local linear models for which linear feedback controllers are designed and next
the aim is to select the feedback control gains so as to assure the global asymptotic
stability of the control loop. In (iii) the objective is to define an energy function for
the UAV (Lyapunov function) and to demonstrate that through suitable selection of
the feedback control the first derivative of the energy function is always negative
and thus the global stability of the control loop is assured. The latter approach is
particularly suitable for model-free control of UAVs and takes the form of adaptive
control methods. This chapter analyzes the aforementioned control approaches for
UAVs and proves global asymptotic stability for all considered control approaches
(i) to (iii). The robustness of the aforementioned control methods to model uncer-
tainty and external perturbations is confirmed. Besides elaborated nonlinear filtering
approaches are developed that allow for accurate estimation of the state vector of
the UAVs through the processing of measurements coming from a limited number
of sensors. In particular this chapter treats the following topics: (a) Control of UAVs
based on global linearization methods, (b) Control of UAVs based on approximate
linearization methods.

9.1 Chapter Overview

The present chapter treats the following topics: (a) Control of UAVs based on global
linearization methods, (b) Control of UAVs based on approximate linearization meth-
ods.

With reference to (a) the chapter uses a differential flatness theory-based imple-
mentation of the Kalman Filter (known as Derivative-free nonlinear Kalman Filter)
for developing a robust controller which can be applied to quadropters. The control
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problem for quadropters is non-trivial and becomes further complicated if this robot
is subject to model uncertainties and external disturbances. Using differential flat-
ness theory it is shown that the model of a quadropter can be transformed into
linear canonical form. For the linearized equivalent of the quadropter it is shown
that a state feedback controller can be designed. Since certain elements of the state
vector of the linearized system cannot be measured directly, it is proposed to esti-
mate them with the use of the previously analyzed Derivative-free nonlinear Kalman
Filter. Moreover, by redesigning the Kalman Filter as a disturbance observer, it
is is shown that one can estimate simultaneously external disturbances terms that
affect the quadropter or disturbance terms which are associated with parametric
uncertainty.

With reference to (b) the chapter applies nonlinear H-infinity (optimal) control the
dynamic model of 6-DOF UAVs. First, the dynamic model of the UAV undergoes
approximate linearization, through Taylor series expansion, round local operating
points which are defined at each time instant by the present value of the system’s
state vector and the last value of the control input that was exerted on it. The lineariza-
tion procedure requires the computation of Jacobian matrices at the aforementioned
operating points. Next, for the linearized equivalent model of the UAV, an H-infinity
feedback control loop is designed. The computation of the optimal control input
requires the solution of an algebraic Riccati equation at each iteration of the control
algorithm. The known robustness properties of H-infinity control enable compensa-
tion of model uncertainty and rejection of the perturbation terms that affect the UAV.
The stability of the control loop is proven through Lyapunov analysis.

9.2 Control of UAVs Based on Global Linearization

9.2.1 Outline

Quadrotors are four-rotor helicopters characterized by a nonlinear 6-DOF unstable
dynamical model. To achieve autonomous navigation of the quadrotors it is neces-
sary to design efficient control algorithms that will exhibit robustness to parametric
uncertainties and to external disturbances. One can cite several results on quadrotors’
control. An approach for quadrotors’ control that is based on the transformation of
their dynamical model in the linear canonical form and which is consequently directly
associated with differential flatness theory has been given in [576]. Moreover, in [6]
a flatness-based control approach is applied to quadrotors’ motion control. A pre-
dictive controller complemented by an H., term for additional robustness has been
analyzed and tested in the quadrotor’s flight control problem in [401, 403]. In [55]
motion control of the quadrotor was implemented using controllers of the LQR-
type and of the PID-type, while Kalman Filtering has been used to provide position
estimates out of a visual measurements system. In [77] two control strategies are
employed as baseline controllers for the quadrotor’s model: a LQR controller which
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is based on a linearized model of the quadrotor and a Sliding Mode Controller which
is based on a nonlinear model of the quadrotor. Moreover, differential flatness the-
ory has been used for trajectory planning. In [261] and in [135] adaptive control
schemes have been proposed for the quadrotor’s model. The stability of the control
loop is confirmed through the Lyapunov approach. In [48] quadrotor’s control with
the use of a sliding-mode controller and a sliding-mode disturbance observer has been
proposed.

In this section a new control method is developed first for quadrotors after applying
global linearization of the UAV’s dynamic model. The method comprises differen-
tial flatness theory together with the use of a disturbance observer. This state and
perturbations observer is also in accordance to differential flatness theory and is the
so-called Derivative-free nonlinear Kalman Filter. The differential flatness theory-
based design of the controller uses a change of coordinates (diffeomorphism) that
transforms the state-space equation of the quadrotor’s model into the linear canonical
(Brunovsky) form [57, 145, 322, 450, 476, 572]. For the linearized equivalent of
the quadrotor it is easier to design a state feedback controller using techniques for
linear feedback controllers’ synthesis. To provide the quadrotor’s control loop with
additional robustness a disturbance observer is used. The disturbance observer makes
use of the standard Kalman Filter recursion on the linearized model of the quadrotor.
Itis capable of estimating simultaneously the quadrotor’s linear and rotational veloc-
ities, as well as the vector of disturbances that affect the quadrotor’s model without
the need to compute Jacobian matrices. The accurate estimation of the disturbance
inputs enables to introduce an additional control term that compensates for the dis-
turbances’ effects. The accurate tracking of reference trajectories that is achieved by
the quadrotor despite the existence of external disturbances is shown in simulation
experiments.

As already analyzed, differential flatness theory has specific advantages when
used in nonlinear control systems [57, 145, 322, 457, 476, 572]. Through an exact
linearization of the system’s state-space description, one can avoid the use of lin-
ear models with local validity in the controller’s design. The controller performs
efficiently despite the change of operating points. After the design of such a state
feedback controller, one can consider the inclusion in the control loop of supple-
mentary control terms that provide additional robustness. As mentioned above, it is
also possible to use a disturbance estimator-based auxiliary control input for com-
pensating for the effects of disturbances in the feedback control loop. Moreover, the
use of differential flatness theory in the design of state estimators and filters has also
several strong points. One can perform estimation of the complete state vector of
the system without the need to compute partial derivatives and Jacobian matrices.
Moreover, by avoiding numerical errors which are due to approximate linearization
of the system’s dynamic model linear estimation algorithms can be implemented. In
the case of Kalman Filter this means that one can perform state estimation with the
use of the standard Kalman Filter recursion, thus preserving the method’s optimal-
ity features and providing state estimates of improved precision (e.g. comparing to
Extended Kalman Filtering).
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Fig. 9.1 Reference axes for
the quadropter

9.2.2 Kinematic Model of the Quadropter

9.2.2.1 State-Space Model of the UAV

Two reference frames are defined [401, 403]. The first one B = [By, B;, B3] is
attached to the quadropter’s body, whereas the second E = [E,, E,, E.] is consid-
ered to be an inertial coordinates system. As shown in Fig.9.1, the Euler angles
defining rotation round the axes of the body-fixed frame B;, B, and Bj are defined
as 0, ¢ and ¥, respectively. The two reference frames are connected to each other
through a rotation matrix

CyCO CYySOSp — SYyCop CyrSOCH + SyrSo
R=1|SYCO SYySOS¢p + CyCop SYSOCp — CyrSo 9.1)
—-56 COSo CoCo
where C = cos(-) and S = sin(-).
The connection between velocities in the two reference frames is as follows:
Ve =R-Vp 9.2)
where Vi = [ug,vg, wg] and Vg = [up, vp, wg] are the linear velocity vectors

expressed in the two reference frames. About the angular velocities in the two refer-
ence frames the following relation holds

n=Wlw (9.3)
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that is

qi) 1 sin(¢)tan(0) cos(p)tan(0) p
61=10 cos(®) —sin(¢) q (9.4)
1& 0 sin(¢p)sec(@) cos(p)sec(0) r

where n = [¢, 0, 1//]T is the angular velocities vector in the inertial reference frame
andw = [p, g, r]” is the angular velocities vector in the body-fixed reference frame.

9.2.3 Euler-Lagrange Equations for the Quadropter

The Euler—Lagrange equation for the quadropter is formulated as follows
L L f:

GG — i = (:) 95)
where the Lagrangian is defined as L(q,q) = Ec,,,, + Ec,, — Ep, Ec,.,,, is the
kinetic energy of the quadrotor due to translational motion, E¢,, is the kinetic energy
of the quadrotor due to rotational motion and E, is the total potential energy of the
quadrotor due to lift. The generalized state vector is ¢ = [T, nT]7€R®, 1,€R? is
the torques vector that causes rotation round the axes of the body-fixed reference
frame, and f = R f + ar is the translational force applied to the quadropter due
to the main control input U, along the z-axis direction, while a7 =[A,, Ay, AT
are the aerodynamic forces vector, defined along the axes of the inertial reference
frame. Since the Lagrangian does not contain cross-coupling between the & and the 7
terms, the Lagrange—Euler equations can be divided into translational and rotational
dynamics. The translational dynamics of the quadropter is given by

mé + mges = f: (9.6)
where e3 = [0, 0, 1]7 is the unit vector along the z axis of the inertial reference frame.
Eq.(9.6) can be written using the following three equations

X= %(cos(lﬁ)sin(@)cos(q)) + sin(y)sin(¢))U; + %

§ = L(sin(y)sin(0)cos(@) — cos()sin())Uy + % 9.7)
F=—g+ L(cos@)cos(¢)U) + %

where m is the quadropter’s mass and g is the gravitational acceleration. The rota-
tional dynamics of the quadropter is given by

M@mi+Cm,mn =1, 9.8)
where the inertia matrix M (n) is defined as

Lix 0 —1, S0
M) = 0 Iyyczd) + IzzS2¢ (Iyy — I.))CopSpCH
— 1,86 (Iyy — I,,)CPSPCO 1,,5%0 + 1,,S*¢pC?0 + 1,,C*pC?0
(9.9)
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and the Coriolis matrix is
C11 C12 €13
Cm,m) = |cucncxs (9.10)
€3] €32 €33
where the elements of the matrix are

C11 = 0

i = (Ly = 1) (OCHSP + ¥ S*$CO) + (I; — 1,,)¥ C*¢Co

ci3 = (L = L)W CoSHC?0. _ _

c21 = (I = 1, )(6CPS¢ + ¥ S?$CO) + (Iyy — L)Y C*$CO + L,/ CO

e = (I = 1)§CpSe .

e = — L Yy SOCO + 1,y S*pCOSH + 1. C2$pSHCH

31 =y = L)Y C?0S¢Ch — 1,,6CO

e = (I; — 1,,))(0CHSPSO + ¢pS*$CO) + (I, — L.)pC>pCO + L, SHCH—

—1,, ¥ S*¢SHCOH — I C*pSHCH

33 = (Iyy — I.,)pCPpSHC?0 — 1,,05%¢pCHSH—

—1..0C*$CHSO + 1,,6COS0

9.11)

Thus, the mathematical model that describes the quadrotor’s rotational motion is
given by

i =M@~ (t, = C(n, mn) 9.12)

Denoting w = M (n)~! (t, — C(n, n)n), one has the following notation for the rota-
tional dynamics

(.b‘ Wq
6 1=|w (9.13)
1:/} We

Considering small variations of the heading angle of the quadrotor round ¢ = 7,
denoting w; = U;/m and taking also that the aerodynamic coefficients A,, A,
A, << m, a simplified quadropter’s model is formulated as follows [576]

X =”w]sin(¢) V= w]fos(cj))sin(é) 7= wlcozv((l))cos(O) —g

= w b = wp b = w, ©-14)

9.2.4 Design of Flatness-Based Control for the Quadrotor’s
Model

It will be shown, that the quadrotor’s model given in Eq. (9.14) is a differentially flat
one, i.e. that all its state variables and the associated control inputs can be written as
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functions of a new variable called flat output and of its derivatives. The following state
variables are introduced x; = x, xo =X, X3 =Yy, X4 = y, X5 = Z, X¢ = Z, X7 = @,
Xg = ¢ X =60,x10 = é,xll =Y, x;p = w Thus, one has the following state-space
description for the quadrotor’s dynamic model

X1 =X Xy = wysin(xy) X3 = X4 X4 = wicos(x7)sin(xg)
X5 = Xg X6 = wicos(x7)cos(xg) X7 = Xxg Xg = wy (9.15)
X9 = X0 X10 = wp X1 =Xx12 X12 = we

The flat output of the system is taken to be the vector y; = [x1, x3, X5, X7, Xo, xlt.
It holds that

x1=[100000]yy xz:[lOOOOO]j}f x3=[010000]ys X4=[010000]j/f
x5 =[001000]ys x¢=[001000]yf x7=[000100]yy xg=[000100]yy
X9 =[000010]ys xj0=1[000010]yf x;1 =[000001]ys x12=[000001]y¢

(9.16)

According to Eq. (9.16) all state variables of the quadropter can be written as functions
of the flat output and its derivatives. Using this and Eq.(9.15) one also has that the
control inputs of the quadropter’s model, w;, w,, w;, and w, can be written as functions
of the flat output and its derivatives. Therefore, it is confirmed that the system is a
differentially flat one. Defining now the new control inputs

vi = wysin(x7) va = wicos(x7)sin(xg) vz = wicos(x7)cos(xq)

9.17)
V4 = Wy Vs = Wy Vo = We
one has the following state-space description for the system
VA 010000000000\ [y 000000
V5 000000000000 | |y 100000
Y 000100000000 | yp 000000
N 000000000000 ||, 010000 | (v
vy, 000001000000 | yp 000000 |
Vi | 1000000000000 | | yp n 001000 |vs 9.18)
Vi 000000010000 [ yg 000000 | vs ’
i 000000000000 ||y, 000100 |vs
Vs 000000000100 | ys 000000 | \vs
N 000000000000 | |y, 000010
Ve 000000000001 Vs 000000
V£ 000000000000/ \yy 000001

and the measurement equation for this system becomes
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Y
Vi
A
21 100000000000\ |y,
2 001000000000 | |y,
z3| _ 000010000000 |5y 9.19)
24 000000100000 ||y '
zs 000000001000 ] |3y,
26 000000000010/ |y
Vs
Vs
A

Thus, using differential flatness theory the quadrotor’s model has been written in a
MIMO linear canonical (Brunovsky) form, which is both controllable and observable.
After being written in the linear canonical form the quadrotor’s state-space equation
comprises 6 subsystems of the form

Vp=vi,i=1,...,6 (9.20)
For each one of these subsystems a controller can be defined as follows
R ..d _ k . _ -d _ k _ d . l 6
Vi _yf‘ d,()’f, yﬁ) p,-(yﬁ yfz)’ r=1,..., (9‘21)

The control scheme is implemented in the form of two cascading loops. The inner
control loop controls rotation angles, while the outer control loop sets the desired
values of the rotation angles so as to control position in the xyz-reference system.
The computation of the reference setpoints for the rotation angles ¢,(¢), 6,4(¢) and
¥4(t) and for the cartesian coordinates x4(¢), y; () and z,(¢) takes into account the
constraints imposed by the system dynamics.

9.2.5 Estimation of the Quadrotor’s Disturbance Forces and
Torques with Kalman Filtering

It was shown that the initial nonlinear model of the quadrotor can be written in
the MIMO canonical form of Egs.(9.18) and (9.19). Next, it is assumed that the
quadrotor’s model is affected by additive input disturbances, thus one has

X1 = (w1 +di)sin(xy)

X3 = (wy +di)cos(x7)sin(xo)
X5 = (wy + di)cos(x7)cos (x9)
3'6'7 =w, + da
X9 = wyp +dp
X =we+d.

(9.22)
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or using the new state variables y; i =1, ..., 12 of the differential flatness theory-
based model and the transformed inputs v;,i = 1, ..., 6 one has

Vp =vi+disin(yy,)
yf_ = +dicos(yp)sin(yy,)

Vi =v3+dicos(yp)cos(yy) 9.23
Vi =va+d, .
yfg =vs + db
yfl] =V +de

while by redefining the disturbance terms as d, = disin(yy,), d> = d,cos (yp)sin
Op)s cf3 =dicos(yyg)cos(yp,), 574 =d,, 5?5 =d, and 576 = d,, the dynamics of the
disturbed system can be written as

Vn =V1+£i1 Vr =V2+lzz
Vs —V3+d3 Vr, —V4—‘r-d4 (9.24)
y =5 +d5 yf” —V6+d6

The system’s dynamics can be also written as ys, = yy,, yp = Vi + dy, V=Y

Vr=vabdo, Vg = Vi Vi = V3 a3 Vs = Vi Vg =Va+das Vg = Yior Vo =
vs +ds, i, = Ve V5o = Ve + do.

Without loss of generality, it is assumed that the dynamics of the disturbances
terms are described by their second order derivative, i.e. d~,- =fa, i=1,...,6.
Next, the extended state vector of the system is defined so as to include disturbance
terms as well. Thus one has the following state variables

SA=YAA=VRin =V L=V 2fs =V 2=V
L =Y =V =V 2o = Yo L = Yiu L = Y

2p =d1 zp, :d 1 2fis =d pe =dr g, = ‘?2 2 fis :d (9.25)
Tho =03 Zpy =d3 2pyy =dy Tpy =da Zpy=da Zp, =da
Tps =ds 2pg =ds 2py =ds Zpy =ds Tpy =ds Zp, =ds

Thus, the disturbed system can be described by a state-space equation of the form

iy =Aszy+ Byy
meas

= Cpzy (9.26)

where AfeR30X30, Bf€R30X6 and Cy €RO30_ with
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O1x1 1 0pxo8
O1x12 1 O1x17
01x3 1 01x26
O1x15 1 O1x14
O1xs 1 01x24
O1x18 1 O1x11
O1x7 1 01x22
O1x21 1 O1xs
O1x9 1 01x20
O1x24 1 Oixs O1x6

O1x11 1 O1x18 I Oixs
O1x27 1 O1x2 O1x1 1 O1x4
O1x13 1 O1x16 O1x6 1 Oix2
O1x14 1 O1x15 O1x2 1 O3 O1x2 1 Opx27
01x30 O1x6 O1x4 0125
O1x16 1 O1x13 O1x3 1 Op2 O1x6 O1x23
O1x17 1 O1x12 O1x6 0O1x8 O1x21
01x30 O1x4 1 011 O1x10 O1x19
O1x19 1 O1x10 O1x6
O1x20 1 O1x9 Oixs 1
O1x30 018x6
O1x22 1 O1x7
O1x23 1 O1x6
01x30

O1x25 1 O1x4
O1x26 1 O1x3
0O1x30

O1x28 1 O1x1
O1x29 1
01x30

—_

(9.27)
For the aforementioned model, and after carrying out discretization of matrices A,
By and Cy with common discretization methods one can implement the standard
Kalman Filter algorithm using Egs. (9.29) and (9.30). This is Derivative-free nonlin-
ear Kalman filtering for the model of the quadropter which, unlike EKEF, is performed
without the need to compute Jacobian matrices and does not introduce numerical
errors due to approximate linearization with Taylor series expansion.
The dynamics of the disturbance terms c?,-, i =1,...,6are taken to be unknown
in the design of the associated disturbances’ estimator. Defining as Ad, Ed, and C‘d,
the discrete-time equivalents of matrices A £ B r and C ¢ respectively, one has the
following dynamics:

Zp=Apzp+ Bpv+ K@ — Crip) (9.28)



9.2 Control of UAVs Based on Global Linearization 479

where K € R3°%® is the state estimator’s gain. The associated Kalman Filter-based
disturbance estimator is given by [439, 445]

Measurement update:

K(k) = P~()C[ICa-P~()C] + RI™!
Zp(k) = 27 (k) + K (0O (k) — CaZy (k)] (9.29)
P(k) = P~ (k) — K(k)CqP~ (k)

Time update:

P=(k+1) = Ag(k) P(k)AT (k) + Q (k)

Er(k+ 1) = Ag(k)2 (k) + Ba(k)v(k) (9.30)

To compensate for the effects of the disturbance forces it suffices to use in the control
loop the modified control input vector

vi —di .
3 Vi — 213
2= d V2 — Zi6
v;—d V3 —2Z
y=|" "D orv=|"P (9.31)
Vs —dy Ve — 2z
2 Vs — 225
Vs — 6£5 Ve — 228
Ve — ds

9.2.6 Simulation Tests

Initial simulation experiments were concerned with flight control of the quadropter in
the disturbance-free case. The considered reference trajectories are shown in Fig.9.2.
The implementation of the flatness-based control enabled accurate tracking of the
reference trajectories. Convergence has been achieved for the linear position and
velocity variables to the associated setpoints as it can be seen in Figs.9.3a, b and
9.4a. Moreover, there has been convergence of the angular position and velocity
variables to the associated setpoints as it can be seen in Figs.9.4a and 9.5a, b.

Additional simulation experiments were concerned with control of the quadropter
in flight under disturbance forces and torques. The estimation of the disturbance
forces and torques is shown in Fig.9.6. The implementation of the flatness-based
control enabled accurate tracking of the reference trajectories. There has been con-
vergence of the linear position and velocity variables to the associated setpoints as
it can be seen in Figs.9.7a, b and 9.8a. Moreover, there has been convergence of the
angular position and velocity variables to the associated setpoints as it can be seen
in Figs.9.8b and 9.9a, b.
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Fig. 9.2 Control of the quadrotor in the disturbance free-case: a trajectory of the quadrotor in the
cartesian space, b projection of the quadrotor’s trajectory in the xy plane
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Fig. 9.3 Control of the quadrotor in the disturbance free-case: a position and velocity along the x
axis, b position and velocity along the y axis

9.3 Control of UAVs Based on Approximate Linearization
9.3.1 Outline

The present section analyzes a nonlinear control method for unmanned aerial vehi-
cles (UAVs) which is based on local linearization of the UAVs dynamics and on
application of H-infinity control theory. As previously mentioned, the complete 6-
DOF dynamic model of the UAV is a highly nonlinear one and its control can be
performed with (i) global linearization control methods [6, 77, 152, 430, 438, 452,
457, 576], (i1) local linearization control methods [17, 55, 131, 212, 264, 401, 403,
450, 461, 480, 587] and (iii) Lyapunov analysis-based methods [13, 48, 60, 122,
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Fig. 9.4 Control of the quadrotor in the disturbance free-case: a position and velocity along the z
axis, b rotation angle ¢ and associated angular speed
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Fig. 9.5 Control of the quadrotor in the disturbance free-case: a rotation angle 6 and associated
angular speed, b rotation angle v and associated angular speed

135, 193, 261, 653]. In approach (i) the dynamic model of the UAV is transformed
into an equivalent linear description through the application of a change of variables
(diffeomorphisms). In (ii) the nonlinear model of the UAV is decomposed into local
linear models for which linear feedback controllers are designed and next the aim
is to select the feedback control gains so as to assure the global asymptotic stability
of the control loop. In (iii) the objective is to define an energy function for the UAV
(Lyapunov function) and to demonstrate that through suitable selection of the feed-
back control the first derivative of the energy function is always negative and thus
the global stability of the control loop is assured. The latter approach is particularly
suitable for model-free control of UAVs as in the case of adaptive control methods.
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Fig. 9.6 Use of the Derivative-free nonlinear Kalman Filter in estimation of disturbances: a associ-
ated with linear motion, b associated with the rotational motion of the vehicle (blue line: real value,
green line estimated value)

@) » (b) »
1 1
o =0
-1 - -1 \/ \/
-2 -2
0 5 10 15 20 0 5 10 15 20
t (sec) t (sec)
1 4
05 A )
SN /]
sl N N 0
_10 5 10 15 20 _20 5 10 15 20
t (sec) t (sec)

Fig. 9.7 Control of the quadrotor in the presence of external disturbances a position and velocity
along the x axis, b position and velocity along the y axis (blue line: real value, green line estimated
value, red line: setpoint)

In this section the control of the UAV makes use of an approach of local lineariza-
tion. The linearization takes place round the UAV’s local operating point which is
defined at each time instant by the present value of the state vector and the last value
of the control inputs vector [461]. The linearization is based on Taylor series expan-
sion and on the computation of the associated Jacobian matrices. The modelling
error, due to truncation of higher order terms in the Taylor series, is considered as
perturbation which is compensated by the robustness of the control algorithm. For
the linearized model of the UAV an H-infinity feedback controller is designed. A cost
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Fig. 9.8 Control of the quadrotor in the presence of external disturbances: a position and velocity
along the z axis, b rotation angle ¢ and associated angular speed (blue line: real value, green line
estimated value, red line: setpoint)
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Fig. 9.9 Control of the quadrotor in the presence of disturbances: a rotation angle 6 and associated
angular speed, b rotation angle ¥ and associated angular speed (blue line: real value, green line
estimated value, red line: setpoint)

function is introduced comprising the weighted square of the error of the system’s
state vector (distance of the state vector from the reference setpoints).

As explained in previous applications of H-infinity control, this control scheme
represents a differential game taking place between the control input which tries to
minimize the above cost function and between the disturbances which try to maximize
this objective function. The computation of the feedback control gain relies on the
solution of an algebraic Riccati equation, which is performed at each iteration of the
control algorithm. The solution of the Riccati equation provides a positive definite
symmetric matrix which is used as a weighting coefficient in the computation of
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the controller’s feedback gain. The known robustness features of H-infinity control
assure the elimination of perturbation effects, which implies compensation of model
uncertainty terms, external disturbance inputs as well as of measurement noises.
The stability properties of the control scheme are assured with the use of Lyapunov
analysis. First, it is shown that the proposed UAV feedback control law results in H-
infinity tracking performance which means robustness against modeling uncertainty
and external perturbations. Under moderate conditions it is also shown that the control
loop is also globally asymptotically stable. The tracking accuracy and the smooth
transients in the proposed UAV control method are also confirmed through simulation
experiments.

Comparing to nonlinear feedback control approaches which rely on exact feed-
back linearization of unmanned aerial vehicles (as the ones based on differential
flatness theory [452, 457]) the proposed H, control scheme is assessed as follows:
(i) it uses an approximate linearization of the system’s dynamic model which does not
follow the elaborated transformations (diffeomorphisms) of the exact linearization
methods, (ii) the method is applied directly on the initial nonlinear model of the UAV,
and does not inverse transformations. In this manner it is unlikely to come against
singularities in the computation of the UAV’s real control inputs, (iii) the method
retains the advantages of optimal control techniques, that is the best trade-off between
setpoint tracking and moderate variations of the control inputs.

9.3.2 Dynamic Model of the UAV

9.3.2.1 State-Space Description of the UAV

By following the previous analysis of the dynamic model of the UAV, given in
Sect.9.2.3 and by considering that w, = JL‘L'¢, wp = %r(;, and w, = %TW’ the fol-
lowing dynamic model of the UAV is obtained:

X = Llcos(W)sin(©)cos(¢) + sin(y)sin(¢)|U; + 2=
Ay

= ylsin(P)sin(@)cos(¢) — cos(W)sin(@)U; + 3>
7= %[cos(@).COS(fﬁ)]Ul + AZ -8

=1, (9.32)
é:%fg
V=g

where x, y, z are the coordinates of the UAV’s center of gravity in a cartesian reference
frame, ¢, 6, ¥ are the Euler rotation angles describing roll, pitch and yaw motion
respectively, m is the UAV’s mass, J,, J,, J; are the UAV’s moments of inertia for
rotation round the cartesian coordinates axes Ay, A,, A, are aerodynamic forces
exerted on the UAV for motion along the cartesian axes and g is the acceleration of
gravity.
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Next, the UAV’s dynamic model is written in state-space form by defining the
followmg state variables: x| = x, x, = X, X3 =Y, X4 = =y,X5=2,X¢ =2, X7 =@,
¢ X9 =6, x19= 9, X1 =Y, X2 = 1// Thus, one obtains:

).Cl = X2
Xy = %[cos(tﬁ)sin(@)cos(d)) + sin(Y)sin(p)]U; + %
)23 = X4
&4 = Lisin()sin®)cos(@) — cos(W)sin(@)U; +
).65 = X6
%6 = %[cos(egcoi(¢)]Ul + g ©.33)
X7 = Xg
).Cg = JLX‘%
X9 = X10
X10 = lefe
X1 = X12
X = ,%Tw
or equivalently
X = f(x,u) (9.34)
which is analytically written as
X1 *2
) %[cos(tﬁ)sin(@)cos((ﬁ) + sin(Y)sin(P)|uy + %
X3 X4 4
X4 Llsin(W)sin(0)cos (@) — cos(P)sin(p)luy + 5=
)'C5 X6 s
io | _ slcos(@)cos($)lur + 55 — ¢ ©9.35)
X7 X8
Xg ]]_XT¢
Xo X10
X10 lefe
i X1
X12 Lz,

where the input vector u is defined as u = [uy, uz, u3, us]” = [Uy, 7y, 1, Ty 1.

9.3.3 Linearization of the UAV’s Dynamic Model

Linearization of the previous dynamic model of the UAV x = f(x, u) can be per-
formed round local operating points (x*, u*), where x* is the present value of the
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UAV’s state vector and u™ is the last value of the control input which has been exerted
on the system. By applying Taylor series expansion one obtains

¥=Jof Ny X+ Juf lown u+d (9.36)
or equivalently

i=Ax+Bu+d (9.37)

where A = Ji f |+ ur), B = Juf lx=u and d is the modelling error due to the
truncation of higher order terms in the Taylor series expansion. Next, the Jacobian
matrices of the UAV’s dynamic model with respect to its state variables are computed

ox;  0xp x,
dx;  0xy ax12
Lf =1 (9.38)
ofu dfu ... ... 9fu
dx;  0xa dx12
0fip 3fi2 .. ... 9/
dx;  0xa dx12

It holds that the 1st row of the Jacobian matrix J, f is

Mi_g 0 Mg 3=

0xy axy ax3 x4

=030 =030=031=0 (9.39)
i _ndfh _ndfi _ 3f _

i =03 =03, =05 =

2nd row of the Jacobian matrix J, f

W gL 2 _g

9x1 dxp ax3
0fr _ 0 02 _ 0f2 _
ax =0 35 =0 55 =0 .
% = %[—cos(xll)sin(X9)sin(x7) — sin(xysin(x7))]u; % =0 (9.40)
% = %[cos(xll)cos(xg)cos(x7)]u1 % =0
gx—ﬁ = %[—sin(xll)sin(x(;)cos(x7) + cos(x11)cos(x7)]uq gx—{zz =0
3rd row of the Jacobian matrix J, f
3afi _ 0fi _n dfi _dfi _
o =0 gy =05 =050 =1
i g 3L g 0L —_dh —
d)};_o 8,}5_06x7_03x8_0 (941)
3 3 :
3y =0 35, =0

I 2L —

3X1] - 3X12
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4th row of the Jacobian matrix J, f

s g s — 2 —

dx; 0xy 0x3
% = r.iﬂ[sin(xn.)sin(m)cos(m) — cos(xjicos(x7))u;
% =0 % = %[sin(x1l)cos(xg)cos(x7)]u1
% =0 ;x—j?‘l = ’ln[cos(x”)sin(xg)sin(xﬂ + sin(xyy)sin(xy)]u, % =0
(9.42)
5th row of the Jacobian matrix J, f
L=08=0%L=0L=
L=0%=13=0%=0 (9.43)
s _ 00 _dfs 0 _
i =08y =0a, =055, =
6th row of the Jacobian matrix J, f
0fe _ ofe _ ofe _
37? =0 3—); =0 a_xf =0
%:OS—QZOS—QZO (9.44)
8 = L{—cos(xo)sin(x))luy 32 =0 38 = L{—sin(xo)cos (x1)lu,
Afe _ ofs _ 0fs _
g =0 5 =0 5 =
7th row of the Jacobian matrix J, f
SL=0=05=03= (9.45)
0 _ g2 2 —
o =0 =0gmr =055=0
8th row of the Jacobian matrix J, f
% =0 % =0 % =0 % =
L=0%=0%=0%=0 (9.46)
0ff _nodfi _ndfi _n 0fr _
o =0, =0 g =050 =
9th row of the Jacobian matrix J f
L=0L=0 g_;;:o g-_;;:o
L=0L=03=0%=0 (9.47)
Afo _n0fo 1 0fo _ o dfo _
i =0y = Lo =050 =

10th row of the Jacobian matrix J, f
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dfio _ o 9.Si0
ax; 0 x>
afio _ o 9.S0
axs 0 xe
afio _ o 9.f10
dxg dx10

11th row of the Jacobian matrix J, f

afi _ o 3fu
ax, 0 dxp
afi _ o 3fu
dxs 0 dxe
afi _ o 3fu
axg 0 ax10

12th row of the Jacobian matrix J, f

afin _ o 9f12
ax; 0 x>
afin _ o 9f12
axs 0 dxe
afin _ o 9f12
dxg dx10

=0
=0
=0

=0

=0
=0
=0

dfio _

9x3

dfio _

dx7

dfio _

X1y

afun
dx3
9 fun
dx7

9fu
axy

df12
dx3
df12
dx7
df12

ax11

=0
=0
=0
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afin __
axy

Afin _

dxg

0fin _

oxpp

(9.48)

(9.49)

(9.50)

Next, the Jacobian matrix of the UAV is computed with respect to the elements of
the control input vector U = [uy, ua, us, us]” = [Uy, 74, 79, Ty )" . It holds that

LNl
duy
o
duy

=5
=

[SERCY)

LNiL
ous
o
ous

df11
ous
012
ous

an
duy
f
duy

d.fui
Bu4
dfi2
Bu4

About the Ist row of the Jacobian matrix J,, f it holds

About the 2nd row of the Jacobian matrix J, f it holds

Wi g of

8141 auz -

oy

dus

af
duz

an
duy

[cos(x11)sin((x9)cos (x7) + sin(xi1)cos(x7)]

About the 3rd row of the Jacobian matrix J, f it holds

=0

3144

M _gdh _pgdh _gdh _9

duy duy

dus

duy

About the 4th row of the Jacobian matrix J, f it holds

o
dus
ofr _

9.51)

(9.52)

(9.53)

(9.54)
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% = %[sin(x“)sin((xg)sin(x7) —cos(xy1)sin(x7)] g—f‘; =0 s
s U ©.55)
dus duy

About the 5th row of the Jacobian matrix J, f it holds

s =03 =025 =02k =0 (9.56)

uy duy dus Auy

About the 6th row of the Jacobian matrix J, f it holds

% = Llcos((x9)cos(x7)] gﬁ =0

Uy m iy 814; (957)
s — s —
dus duy

About the 7th row of the Jacobian matrix J, f it holds

%:o%:o%:o%:o (9.58)

About the 8th row of the Jacobian matrix J, f it holds

s =03 = L35 =gk =9 (9.59)

uy duy — Jy Odus duy

About the 9th row of the Jacobian matrix J, f it holds
0fo _n0fo _ndfo _ 0fo _
g =052=052=052=0 (9.60)

About the 10th row of the Jacobian matrix J, f it holds

Yo — i — o - L 3e_g (9.61)

8u =0 =0 4u =0 =g (9.62)
About the 12th row of the Jacobian matrix J, f it holds

WU g e _ g _ L (9.63)

auy duy dus dug ~ J,

9.3.4 Design of an H-Infinity Nonlinear Feedback Controller

9.3.4.1 Equivalent Linearized Dynamics of the Robot

After linearization around its current operating point, the UAV’s dynamic model is
written as



490 9 Unmanned Aerial Vehicles

X = Ax + Bu + d, (9.64)
Parameter d; stands for the linearization error in the UAV’s dynamic model appearing
in Eq.(9.64). The reference setpoints for the UAV’s state vector are denoted by

_ d d . . . . . .

Xq = [x{, ..., x{]. Tracking of this trajectory is achieved after applying the control
input u#*. At every time instant the control input #* is assumed to differ from the
control input « appearing in Eq. (9.64) by an amount equal to Au, thatisu™ = u + Au

Xg = Axy + Bu* +d, (9.65)

The dynamics of the controlled system described in Eq. (9.64) can be also written as

X = Ax + Bu + Bu* — Bu* +d; (9.66)
and by denoting d3 = —Bu™* + d, as an aggregate disturbance term one obtains
X =Ax+ Bu+ Bu*+ds (9.67)

By subtracting Eq. (9.65) from Eq. (9.67) one has
X —Xg=A(x—x9)+Bu+d;—ds (9.68)

By denoting the tracking error as e = x — x, and the aggregate disturbance term as
d = ds — d», the tracking error dynamics becomes

é=Ae+Bu+d (9.69)
The above linearized form of the UAV’s model can be efficiently controlled after
applying an H-infinity feedback control scheme.
9.3.4.2 The Nonlinear H-Infinity Control
The initial nonlinear model of the unmanned aerial vehicle is in the form
x = f(x,u) xeR", uerR™ (9.70)
Linearization of the system (multi-DOF UAV) is performed at each iteration of the
control algorithm round its present operating point (x*, u*) = (x(¢), u(t — 7Ty)). The
linearized equivalent of the system is described by
%= Ax+ Bu+ Ld xeR", ueR", deR? (9.71)

where matrices A and B are obtained from the computation of the Jacobians of
the UAV’s state-space description and vector d denotes disturbance terms due to
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linearization errors. The problem of disturbance rejection for the linearized model
that is described by

X=Ax+Bu+Ld ©.72)

y=Cx

where xeR”, ucR", deR9 and yeR”, cannot be handled efficiently if the classical
LQR control scheme is applied. This is because of the existence of the perturbation
term d. The disturbance term d apart from modeling (parametric) uncertainty and
external perturbations can also represent noise terms of any distribution.

As analyzed in previous applications of the Hy, control approach, a feedback
control scheme is designed for trajectory tracking by the system’s state vector and
simultaneous disturbance rejection, considering that the disturbance affects the sys-
tem in the worst possible manner. The disturbances’ effects are incorporated in the
following quadratic cost function:

J@) = LT @y@) + ru” (u) — p*d" dn)dt, rp >0 (9.73)

The significance of the negative sign in the cost function’s term that is associated
with the perturbation variable d (t) is that the disturbance tries to maximize the
cost function J(¢) while the control signal u(¢) tries to minimize it. The physical
meaning of the relation given above is that the control signal and the disturbances
compete to each other within a min-max differential game. This problem of min-max
optimization can be written as

min,max;J (u, c?) (9.74)

In the previous cases of applications of the H-infinity control it has been explained
that the objective of the optimization procedure is to compute a control signal u(z)
which can compensate for the worst possible disturbance, that is externally imposed
to the system. However, the solution to the min-max optimization problem is directly
related to the value of the parameter p. This means that there is an upper bound in
the disturbances magnitude that can be annihilated by the control signal.

9.3.4.3 Computation of the Feedback Control Gains

For the linearized system given by Eq. (9.72) the cost function of Eq. (9.73) is defined,
where the coefficient » determines the penalization of the control input and the weight
coefficient p determines the reward of the disturbances’ effects.

Once more it is assumed that (i) The energy that is transferred from the distur-
bances signal d(¢) is bounded, that is foooc?T (1)d(1)dt < oo, (ii) the matrices [A, B]
and [A, L] are stabilizable, (iii) the matrix [A, C] is detectable. Then, the optimal
feedback control law is given by

u(t) = —Kx(t) (9.75)
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Linearization of the
6-DOF UAV's dynamics
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Fig. 9.10 Diagram of the control scheme for the multi-DOF UAV
with
K =1BTP (9.76)

where P is a positive semi-definite symmetric matrix which is obtained from the
solution of the Riccati equation

ATP+PA+Q—P(}BBT—2—/‘JZLLT)P=0 (9.77)

where Q is also a positive definite symmetric matrix. The worst case disturbance is
given by

d(t) = %LTPx(t) (9.78)

The diagram of the considered control loop is depicted in Fig.9.10.

9.3.5 Lyapunov Stability Analysis

Through Lyapunov stability analysis it will be shown that the proposed nonlinear
control scheme assures Hy, tracking performance for the UAV, and that in case
of bounded disturbance terms asymptotic convergence to the reference setpoints is
achieved. The tracking error dynamics for the multi-DOF unmanned aerial vehicle
is written in the form

é=Ae+Bu+Ld (9.79)
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where in the robot’s case L =1 €R'? with I being the identity matrix. Variable
d denotes model uncertainties and external disturbances of the UAV’s model. The
following Lyapunov function is considered

V =1le"Pe (9.80)

where e = x — x, is the tracking error. By differentiating with respect to time one
obtains

V= %éTPe + %ePé:>

. 2 ~ 81
V = j[Ae+ Bu+ Ld]" Pe + 3e" P[Ae + Bu + Ld]= ©51

7 _ L[,T AT TpT |, T T
V= 2[le TA +u'B" +d ~L 1Pe+ 9.82)

+5e’ P[Ae + Bu + Ld]=
V= %eTATPe+ %uTBTPe+ %d~TL~TPe+ 9.83)

1e"PAe+ Je" PBu+ e’ PLd
The previous equation is rewritten as
7 _ 1T (AT 1, TRT 1,7
=3¢ (AP + PA su'B'P se' PB

V=3e( + e + (su e+ 5e u)+ 9.84)

+(Ad"L" Pe + L PLd)

Assumption: For given positive definite matrix Q and coefficients r and p there exists
a positive definite matrix P, which is the solution of the following matrix equation

ATP+PA=—-0+PGEBB" — LLT)P (9.85)
Moreover, the following feedback control law is applied to the system
u=—1B"Pe (9.86)
By substituting Egs. (9.85) and (9.86) one obtains

V =1e"[-0+ PGBB" — LLL")Ple+

g 9.87
+e" PB(—1B" Pe) + " PLd= ©87)

V=-1e"Qe+PBBTPe— 217eTPLLTPe

. 9.88
—L1@"PBBTPe) + ' PLd (©-88)

which after intermediate operations gives

V=—lelQe— #eTPLLTPe +e'PLd (9.89)
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or, equivalently

V=-1eTQe— e PLLTP
ferQe T o (9.90)

Lemma: The following inequality holds
3" PLd + 3dL" Pe — 5" PLLT Pe<jp*d"d (9.91)

Proof: The binomial (po — %b)2 is considered. Expanding the left part of the above
inequality one gets

pla’ + L5b? —2ab > 0= $p’a’ + 550> —ab = 0=
ab— L p2 <1202 s lap o Ly 1 p2 <120 (9.92)
207 = 210 a” = 261 + 2a 27 2,0 a

The following substitutions are carried out: @ = d and b = ¢’ PL and the previous
relation becomes

1d"LTPe+ Le"PLd - #eTPLLTPef%pszc? (9.93)
Equation (9.93) is substituted in Eq. (9.90) and the inequality is enforced, thus giving
V< LeT e+ Lp2dTd 9.94)

Equation (9.94) shows that the Hy tracking performance criterion is satisfied. The
integration of V from 0 to T gives

Jo Vdi= = L[ 1lelldr + Lo [y 11d| 2di =

2V(T) + [ el dt=<2V (0) + p2 ;] 11dIPdt ©-95)
Moreover, if there exists a positive constant My > 0 such that
Jo NdI1de < My (9.96)
then one gets
Jo Tellgdt = 2V(0) + p> My (9.97)

Thus, the integral f0°°| le| |2th is bounded. Moreover, V (T') is bounded and from the
definition of the Lyapunov function V in Eq. (9.80) it becomes clear that e(z) will
be also bounded since e(t) € $2. = {ele” Pe<2V(0) + p>M,}. According to the
above and with the use of Barbalat’s Lemma one obtains lim,_, ,.e(t) = 0.
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Fig.9.11 Control of the quadrotor when tracking flight path 1: a Three-dimensional plot of tracking
of flight path 1 by the quadropter, b Cartesian coordinates of the UAV and convergence to the
reference setpoints

9.3.6 Robust State Estimation with the Use of the H-Infinity
Kalman Filter

Another problem that has to be dealt with in the design of a state feedback con-
troller for the UAV (autonomous quadrotor) is that in several operating conditions
the complete state vector might not be measurable. Actually, attempting to measure
the complete state vector with the use of suitable sensors is not only costly but is also
error-prone because, particularly in the harsh operating environment of the UAVs.
Thus the control loop has to be implemented with the use of information provided by
a small number of sensors and by processing only a small number of state variables.
To reconstruct the missing information about the state vector of the quadrotor it is
proposed to use a filtering scheme and based on it to apply state estimation-based
control [33, 169, 431, 463, 511].

The recursion of the H,, Kalman Filter, for the model of the six-DOF UAYV, can
be formulated in terms of a measurement update and a time update part

Measurement update:

D(k) =[I —OW k)P~ (k) + CT (K)R(k) "' C(k) P~ (k)] ™"
K(k)y =P~ (k)D(*)CT (k)R(k)~! (9.98)
X(k) =% (k) + K(k)[y(k) — Cx™ (k)]

Time update:

X7 (k+ 1) = A(k)x (k) + B(k)u(k)
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Fig. 9.12 Control of the quadrotor when tracking flight path 1: a Convergence of state variables x|
to x4 to the reference setpoints, b Convergence of state variables x5 to xg to the reference setpoints
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Fig. 9.13 Control of the quadrotor when tracking flight path 1: a Convergence of state variables
X9 to x12 to the reference setpoints, b Control inputs # to u4 exerted on the UAV

where it is assumed that parameter 6 is sufficiently small to assure that the term
P‘(k)_] —OW (k) + CT (k)R (k)~'C(k) will be positive definite. When 8 = 0 the
H, Kalman Filter becomes equivalent to the standard Kalman Filter. It is noted that
apart from the process noise covariance matrix Q (k) and the measurement noise
covariance matrix R (k) the Hy, Kalman filter requires tuning of the weight matrices
L and S, as well as of parameter 6.

In the case of UAVs (e.g. autonomous quadropters), the H-infininty Kalman Filter
can be used within a state estimation-based control scheme. Actually, one can mea-
sure only a part of the state vector of the UAV, such as state variables x; = x, x3 =y,
X5 =z,X7 = ¢, X9 = 0, x;; = ¢ and estimate through filtering the rest of the state
vector elements thatis x; = X, x4 = y, X5 = 2, X7 = q.ﬁ, X9 = 6, X1 = 1// Moreover,
the proposed Kalman filtering method can be used for sensor fusion purposes.
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Fig.9.14 Control of the quadrotor when tracking flight path 2: a Three-dimensional plot of tracking
of flight path 1 by the quadropter, b Cartesian coordinates of the UAV and convergence to the

reference setpoints
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Fig. 9.15 Control of the quadrotor when tracking flight path 2: a Convergence of state variables x|
to x4 to the reference setpoints, b Convergence of state variables x5 to xg to the reference setpoints

9.3.7 Simulation Tests

The tracking performance of the considered nonlinear H-infinity control scheme was
tested in the case of several reference flight paths. The first 3D reference trajectory
is shown in Fig.9.11, while the convergence of the UAV’s setpoints to their setpoints
are shown in Figs.9.12a, b and 9.13a. The control inputs exerted on the UAV by its

actuators are shown in Fig.9.13b.

The second 3D reference trajectory is shown in Fig.9.14, while the convergence
of the UAV’s setpoints to their setpoints are shown in Figs.9.15a, b and 9.16a. The
control inputs exerted on the UAV by its actuators are shown in Fig.9.16b.
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Fig. 9.16 Control of the quadrotor when tracking flight path 2: a Convergence of state variables
X9 to x12 to the reference setpoints, b Control inputs # to u4 exerted on the UAV
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Fig.9.17 Control of the quadrotor when tracking flight path 3: a Three-dimensional plot of tracking
of flight path 1 by the quadropter, b Cartesian coordinates of the UAV and convergence to the
reference setpoints

Finally, the third considered 3D reference trajectory is shown in Fig.9.17, while
the convergence of the UAV’s setpoints to their setpoints are shown in Figs.9.18a, b
and 9.19a. The control inputs exerted on the UAV by its actuators are shown in
Fig.9.19b.

It can be noticed that in all cases the nonlinear H-infinity control algorithm for
the UAV achieved accurate tracking of the reference path and fast convergence to
them. All state variables of the system converged fast and smoothly to the reference
setpoints while their tracking error was rapidly eliminated. Moreover, the variation
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Fig. 9.18 Control of the quadrotor when tracking flight path 3: a Convergence of state variables x|
to x4 to the reference setpoints, b Convergence of state variables x5 to xg to the reference setpoints
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Fig. 9.19 Control of the quadrotor when tracking flight path 3: a Convergence of state variables
X9 to x12 to the reference setpoints, b Control inputs # to u4 exerted on the UAV

of the control inputs exerted on the UAV by its actuators was smooth and no abrupt
changes of the control signal were observed. The above are indicative of the excellent
tracking and stability properties of the nonlinear H-infinity control algorithm.
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