EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Extended Modeling and Control of
Quadrotors using System Identification

Thesis Report

A. Nair (1036569)

Coach: dr. ir. A.A.J. Lefeber (TU/e)
Supervisor: prof. dr. H. Nijmeijer (TU/e)

Department of Mechanical Engineering
Dynamics and Control (D&C) group
Eindhoven University of Technology

Eindhoven, April 15, 2019



Summary

Autonomous drones are required to follow a pre-defined trajectory without any need of manual op-
eration. For many applications with cooperative quadrotors, fast-maneuvering with good tracking
capabilities is an important requirement to avoid collisions. A previously designed controller for
a quadrotor UAV is capable of tracking slow varying trajectories with good accuracy. However,
for aggressive maneuvering the controller cannot simultaneously reject the disturbance dynamics
and accurately track the given trajectory. The main objective of this thesis is to re-design the
tracking controller with the extended dynamic model obtained using identification methods. Aero-
dynamic effects have the most dominant role in these disturbances and first principles models of the
aerodynamic forces and moments are computationally expensive. Data-driven modeling is a more
economic approach which is used to identify the disturbances at several operating regions of the
drone. In this project, grey-box models are defined to capture the disturbance dynamics which are
partially based on prior knowledge of quadrotor aerodynamics. Experimental flight data are used to
select the most appropriate model structure and also estimate the parameters of the chosen model.
The validated model for disturbance forces and moments are updated to the cascaded controller
such that almost-global uniform asymptotic stability is proved using known stability results. The
identified extended model has been implemented in a simulation environment and compared with
experimental results. The position results are compared for the case of a three dimensional circular
trajectory and a vertical eight figure trajectory. Simulation results of the extended model without
the identified moment models show good match with the actual quadrotor position measurements.
The identified moment models generated undesired results which is believed to be caused by poor
parameter estimates. Therefore, the implementation of the redesigned controller in the simula-
tion environment does not include the compensation for disturbance moments. Considering the
quadrotor airspeed, disturbance moments have very little influence on the tracking performance.
Simulation of the redesigned controller for the extended model shows improved position tracking
performance. The exclusion of the disturbance force compensation term from the controller results
in a large deviation of the quadrotor position from the given trajectory.
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Chapter 1

Introduction

1.1 Background

The fascination with unmanned aerial vehicles (UAVs) is witnessed in the past years from its appli-
cations emerging in several fields. With the rapid advancement in UAV technology, the potential
uses are constantly recognized by various sectors for the purposes of package delivery, cinematogra-
phy, reconnaissance, farming, rescue missions and many more. The earliest known uses of UAVs go
back to military operations, but now multirotor vehicles are integrated into everyday applications
of the civilian world. In the field of agriculture, they are used for monitoring crop growth and
also for spraying water and pesticides [1]. Film industry implements multirotor drones to capture
hard-to-reach angles and dynamic action scenes due to its freedom of motion [2,3]. Companies
like Google, Amazon, UPS, and DHL have firmly invested in the idea of package delivery by UAVs
instead of trucks. Such industries are drawn by the less energy consumption and reduced environ-
mental impacts of small and compact drones [4,5].

In disaster-affected regions, UAVs are utilized for transporting the emergency commodities, locat-
ing trapped victims and also for providing directions for safe evacuations [6]. Operations like this
usually require multiple drones to fly in formation and maintain cooperation with each other to
immediately scan and carry out the necessary actions [7].

The recent improvements in batteries, processors and several other components of drones have
indeed contributed to improving the autonomous applications, but there are still many challenges
involved in enhancing its flight capabilities. For instance, for autonomous flight motions in out-
door environments, UAVs should be capable of flying in changing wind conditions and other harsh
environments. An example requiring such features is the application of autonomous drones for
studying volcanoes and hurricanes, where gathering important real-time data can become very dif-
ficult. NOAA is a known scientific agency which has been using UAVs named Coyote and Global
Hawk to collect data for building hurricane forecasting models [8]. Maneuvering in such conditions
requires design and implementation of controllers which recognize the ambient conditions and also
perform the necessary flight operations.

The design of appropriate tracking control laws for a UAV system possessing highly nonlinear and
strongly intertwined dynamics with an unstable and under-actuated nature is already very challeng-
ing. In addition, the controllers are needed to take into consideration the complex aerodynamics in
different air flow conditions. This demands for deriving mathematical models which describe the
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behaviour of the rigid body dynamics of the quadrotor and also the disturbances acting on it in
most environments. The derived models should also not undermine the processing capabilities of
low-cost drones in order to enable high-speed motions. This thesis aims to determine and model
the significant external disturbances for improving the tracking performance of a quadrotor UAV.

1.2 Literature Review

The aerodynamic modeling of quadrotors has remained as an active topic of research for many
years due to the difficulty of obtaining a global model valid for all flight conditions. The complex
interactions between quadrotor air frame, the actuators and the neighbouring fluid are considered
to be the major challenges involved in modeling. An extensive amount of literature suggests several
approaches to describe these aerodynamic effects and some of these methods are briefly described
in this section.

1.2.1 First Principles Models

The most dominant aerodynamic effects acting on the quadrotor are generally considered to arise
from the rotors [9-12]. In [9,10], this rotor behaviour is modeled by considering the effects of blade
flapping. In the work of [12], the implementation of flapping behaviour and induced flow is carried
out using blade element theory (BET) and momentum theory (MT). The aerodynamic models
obtained with blade element theory and momentum theory are known to be simple and versatile.
A common drawback in most theoretical rotor models is that they are derived from the classical
helicopter theories which are adjusted for quadrotors. Such an approach according to the author
in [13,14], fails to capture the complex aerodynamic forces and moments of multirotor vehicles. As
per the knowledge of the author in [14], no current theoretical models are capable of completely
describing the aerodynamics of the quadrotor in the entire operating range. For example, the com-
bined aerodynamic effects resulting from simultaneous lateral and longitudinal motions cannot be
determined using the physical knowledge of the system.

1.2.2 Data-Driven Models

The extraction of dynamics from the measured data has been a popular approach for several sys-
tems with complicated dynamics. In most available literature, the identification of an unstable
and under-actuated system like a quadrotor is performed in closed-loop. Methods including both
black-box and grey-box modeling appear to be consistently used for determining the dynamics of
multirotor systems.

Black-Box Modeling: In [15, 16], subspace identification methods (SIM) are used to identify
linear black-box model structures of quadrotors. The work of [15] obtained unbiased estimates
of the continuous-time model for closed-loop hovering data where the reliability of the model is
checked using a bootstrap method. Another method of obtaining continuous-time state space mod-
els is studied in the work of [17], where the algebraic inversion method is used as the identification
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method. Prediction Error Methods (PEM) as an identification criterion are known for their attrac-
tive features such as applicability on a wide range of parametric model structures and determining
the associated uncertainties in the estimated parameters [18]. The author of the work in [19], uses
PEM to determine an ARMAX model structure and in [20] PEM is implemented to determine the
parameters of a quadrotor state-space model. Linear black box models derived for quadrotors are
unstructured and therefore it cannot be known what information on the dynamics is present in the
model. In addition, to capture the highly nonlinear dynamics of a quadrotor, linear data-driven
models are insufficient. In [21], a recursive neural network method is used to determine a nonlinear
black-box model using a nonlinear ARX model structure. The downside of this approach is that
it does not represent the nonlinearity of the quadrotor in a theoretical structure and also such a
model is only valid in the region where the identification experiment is performed.

Grey-Box Modeling: To understand the underlying dynamics in a much better sense, grey-
box modeling offers the possibility to define the model structure based on the existing physical
knowledge of the system and determine the parameters in that model from the measured data.
Identification software packages such as SIDPAC and CIFER, developed by research associations
are known for parameter estimation of linear quadcopter models. In the work of [22,23] the SID-
PAC identification package is used to determine the parameters of a linear grey-box model. In [23],
the parameter estimate of aerodynamic drag and control derivatives are obtained with the SIDPAC
parameter estimation algorithm. The author of [24] uses the CIFER package to identify the param-
eters of structured state-space models. This software determines the parameters of the model by
minimizing the cost function in frequency domain. A different approach can be found in [25], where
an optimization cost function is designed to identify the parameters of the grey-box model using
the data of a previously known black-box model. For this optimization problem, a nullspace-based
method is used and the obtained parameter estimates appear to have a very good accuracy. A set
of local linear grey-box models linearized at different working points could be used to compose a
global quadrotor model but as per the claim of author in [13], a global model obtained in such a
way can be quite unreasonable for describing the dynamics of aggressive flights.

Parameter estimation for nonlinear grey-box models is presently considered as one of the well es-
tablished identification approaches for obtaining an extended quadrotor model in current literature.
With all the relevant input and output data available to process, the parameters of the rigid body
dynamics as well as the aerodynamics can be determined. For instance, in [26], the author iden-
tifies thrust, torque and drag coefficients, moment of inertia and quadrotor mass using a genetic
algorithm. In most works [27-30], the focus is on determining aerodynamic effects of the propeller
rotation, modeled using blade element theory and identifying the model parameters using suitable
identification criteria. For example, in the work of [27], the identification method is based on
PEM using a constrained optimization algorithm to refine the initial estimates of the parameters.
Utilizing the IMU accelerometer data for identification of aerodynamic forces is another popular
approach which is used in the work of [11,29]. The identified aerodynamic effects are then included
into the tracking controller of the quadrotor using feed forward compensation. Improvement in
the tracking performance is observed with the inclusion of these aerodynamic effects. Data-driven
modeling of the rotor aerodynamics in most work has indeed resulted in improved trajectory track-
ing capabilities, but for aggressive maneuvers, more complex aerodynamics comes into play. This
complex behaviour is suspected to be partially caused by the interaction of the horizontal and ver-
tical components of quadrotor velocity, as stated in the work of [31]. Such a complex aerodynamic
behaviour is rarely considered for improving the tracking performance of quadrotors.
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1.3 Motivation and Objectives

For aggressive maneuvering of the quadrotor with the controller designed by [32,33], the closed-
loop system performs a stable three-dimensional circular maneuver with a large deviation from the
given reference trajectory. This can be explained from the influence of the damping effects, i.e.,
aerodynamic forces and moments which becomes more prominent when the quadrotor is subjected
to faster motion. The controller designed by van den Eijnden in [32,33] is capable of rejecting
these disturbance forces to some extent. However, with increasing magnitude of these motion de-
pendent dynamics, the integral action provided by the controller seems to be insufficient. Tracking
controllers can be tuned to either favour disturbance rejection or tracking performance, but not
both simultaneously. Since we do not want to make any compromise in performance, the controller
needs to be re-designed to take into account the effects of the disturbances. This is achieved by
modeling the aerodynamic effects acting on the quadrotor when performing aggressive acrobatic
maneuvers.

The extended model with the unconsidered aerodynamic effects is designed by de Kleuver [12],
which slightly improves the positions error during simulations. However, there are still some ob-
served inaccuracies in the model with the new dynamics due to the limitations imposed by first
principles modeling.

These observations from the previous work form an important basis for the motivation to carry out
this research project. The previous research inspires to explore new methods and strategies to sig-
nificantly improve the tracking performance of the quadrotor for fast makeovers using data-driven
modeling techniques.

The objectives of the project can be summarized with the following points:

e Define a suitable grey-box model to determine the disturbances acting on the quadrotor.

e Determine an appropriate identification method to determine the free parameters of the grey-
box model structure.

e Re-design the existing tracking controller with the new dynamics such that the resulting
closed loop system is stable.

e Conduct experiments with the new controller and evaluate the performance during aggressive
maneuvering.

1.4 Problem Formulation

The thesis project aims to improve the trajectory tracking performance of quadrotors by extending
the quadrotor model used in the design of the non-linear controller. The disturbance model which
is mostly described by aerodynamics needs to be determined through the methods of data-driven
modeling.

In the work of [32] and [33], the proposed controller is based on the physical model of the rigid body
dynamics and hence any incorporation of the additional dynamics should not alter this structured
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non-linear model. Considering these constraints on modeling, the disturbance model in this project
is identified through grey-box modeling.

The problem is addressed initially by describing the quadrotor dynamics using the rigid body
model and the disturbance model which is to be identified. The center of mass of the quadrotor
with respect to the North-West-Up (NWU) inertial frame is denoted by p = [z,,2]”. The linear
and angular velocities of the quadrotor, within the body frame are given as, v = [u,v,w]’ and
w = [p,q,7]" . The rotation from the body-fixed frame B to the inertial frame Z is implemented
using the rotation matrix R € SO(3). Then the dynamics of the quadrotor model is given as

o= Rv (1.1a)
Faero
v =—S(w)r—gRTes + i€3 + — (1.1b)
' m m
R = RS(w) (1.1c)
Jw = 8(Jw) + 1+ Mg+ Maero, (1.1d)

where m is the mass of the quadrotor, J = diag([J,, Jy, J.]) is the matrix of moment of inertia,
total thrust magnitude f € R and total moment vector 7 € R? denote the control outputs for the
quadrotor which are given by,

f K K K K 02
| |kl =kl —kl kKl | |03
| |—kl -kl kKl Kl | |9} (1.2)
T3 kd —rd wkd —rd| |QF

in which k is a parameter based on rotor geometry, [ is the distance from center of mass to the
rotor centers and d is defined as the rotational drag coefficient Also €2; represent the rotation speed
of each ith rotor. The skew-symmetric matrix S is a cross product operator given as,

0 —as as
S(a) = —S(a)’ = | a3 0 —aif. (1.3)
—a al 0

In (1.1), Faeros Maero and My and represents the disturbance dynamics which are needed to be
identified. The terms Fjepp = [Fajx,me,sz]T and Myero = [Ma@,Mmy,Ma,Z]T represent the
aerodynamic forces and moments, respectively, acting on the quadrotor. Additionally, My =
[ngm,m,ngm,y,Mrot,Z]T represents the moments caused by gyroscopic torques and rotor iner-
tia torque. The main problem of re-designing the tracking controller is then addressed after the
identification of the new extended model.

With the dynamics of the extended quadrotor model given in (1.1) and a feasible reference trajec-
tory (pr, Ry, Vp,wy, fr, 7r) which satisfies the same dynamics. The error coordinates of the extended
quadrotor model on SE(3) will be defined by:

R'R

ﬁ RZ(p_pr)
- - - (1.4)
v=—R Swr)p+v—R'v, @=w-—-R w,

=t
I

The problem of re-designing the tracking controller can be then be defined by the following state-
ment,
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Problem 1.6.1. (Tracking control problem) Given a feasible reference trajectory (pr, Ry, Vy, Wy, fr, Tr)
for the quadrotor, suitable control laws need to be determined for:

f=f(p,R,1/,w,pT,Rr,l/r,wr) >0 (1.5&)
T = T(p, R, V»WapraRmewr), (15b)

such that for the resulting closed-loop system

lim e(p(t), R(t), o(t),o(t)) = 0, (1.6)

t—o00

where (p, R, 0,&) = ||p|| + ||log R|| + ||7]| + ||@]|, is the measure of error.

1.5 Thesis Outline

The contents of the thesis is grouped as follows:

¢ Chapter 2: Data Acquisition and Processing
The data-sets for implementing the identification requires quadrotor states and inputs, which
are not directly available from sensor data. This chapter explains the model and processing
used for estimation of the attitude, velocity and rotor speed of the quadrotor. Furthermore,
the estimation of the aerodynamic forces and moments from the sensors are also described in
brief.

e Chapter 3: Identification of Aerodynamic Models
Here the Identifications of the disturbance forces and moments is described, which includes
the method used for identification, grey-box models defined for aerodynamics of the quadrotor
and lastly the estimation of the parameters.

e Chapter 4: Controller Re-design
The controller designed by van den Eijnden is re-designed to include the aerodynamic forces
and moments. The stability of the position subsystem and the attitude subsystem is derived
for the new controller. In addition, the closed loop stability of the entire quadrotor system is
proved as well.

e Chapter 5: Simulation Study
Chapter 5 illustrates the tracking performance of the re-designed controller for high speed
maneuvers through simulation. A comparison of the controller performance is studied with
and without the disturbance compensation term.

e Chapter 6: Conclusion and Recommendations
The final chapter discusses the conclusions from the obtained results and also mentions the
recommendations for further research work.



Chapter 2

Data Acquisition and Processing

In most theoretical models for quadrotor aerodynamics, it observed that the dynamics are depen-
dent on rotor speed 2;, body-fixed velocity v and angular velocity w. The available sensors for the
AR Drone 2.0 are incapable of directly providing a reliable estimate of these variables, which are
required for parameter estimation of the grey-box model. Most quadrotors equipped with Inertial
Measurement Units (IMUs), can be used to reconstruct attitude but there are no specific sensors
which gives an estimate of the body-fixed velocity v. In Section 2.1 and 2.2 of this chapter, an
attitude observer and the position estimates of the quadrotor with respect to inertial frame 7 is
used to reconstruct the body-fixed velocity v. The individual rotor speed €); are obtained using the
inputs applied to the quadrotor which is described in Section 2.3. Furthermore, the estimation of
the aerodynamic forces and moments from IMU sensor data is detailed in Section 2.4.

2.1 Attitude Observer

A good estimate of the quadrotor body-fixed velocity v, is essential for the identification of many
aerodynamic parameters. The smoothed derivatives of the position estimate p provide an estimate
of the drone’s velocity in earth frame Z, but to represent this estimate in the body-fixed frame B,
rotation matrix R : B — Z is needed.

The construction of this rotation matrix R € SO(3) requires information on the drone’s attitude.
To address this issue, an explicit complementary filter with bias correction [34] is proposed to ob-
tain the unbiased attitude information from the IMU gyroscope measurements w? and vectorial
measurements v; such as gravitational and magnetic field directions. Unlike direct and passive
filters, online algebraic reconstruction of attitude is not required by this observer.

The goal of the non-linear observer is to determine the estimate of the attitude rotation matrix
R € SO(3) in the estimator frame of reference & and bias estimate b such that the error defined by
R=R"R and b =b— b is driven to (I,0).

The outputs from the IMU gyroscope, expressed in body-fixed frame B is represented as follows

wY=w+b+mn, (2.1)

where w = [p,q,r]7 € B represents the true values of angular velocity, b denotes a constant or slow
time-varying bias and 7 represents the measurement noise.
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Similarly the vectorial data v; € B, are given by

vV = RTUOi + n;, (2.2)

where vg; € Z, 1 = 1, ..., n, represents the inertial directions and 7; is the noise process.

The two body-fixed frame measurements of the inertial directions that can applied to the proposed

filter are given by
a¥ mY
Vg =77, Um="—"7, 2.3
Tl ] 29
where a¥, mY € B are the gravitational and magnetometer measurements, respectively, obtained
from IMU unit. The susceptibility of the magnetometer measurements to electric motors of the
quadrotor makes it unreliable and therefore only the accelerometer data is applied to the observer.
The kinematics and stability properties of the filter for a single inertial direction data is explained
through the following definition and theorem:

Definition 2.1.1. ( [34]) Two signals z(t) : R — M, and y(t) : R — M, are termed as
asymptotically independent if there exists a non-degenerate function f; : M, x M, — R and any T
such that for any ¢t > T,

fi(z(t),y(t)) # 0, (2.4)

in which the term non-degenerate implies that the Hessian of f; at any point (x,y) is full rank.

Theorem 2.1.1. (Explicit complementary filter, [34], Corollary 5.2) Consider the system
kinematics

R = RS(w), (2.5)

where R(t) € SO(3) and S(w) is the cross-product operator on w(t) with the measurements defined
in (2.1) and (2.2) (for a single measurement v1 =v,). Let kp, ki > 0 be the positive gains.
Consider the filter kinematics given as

R=R(S(wY —b) + kpS(emes)), R(0)= Ry (2.6a)
b= —kremes, b(0) = by (2.6b)
Cmes = Vg X Dq, (2.6¢)

and let (R(t),b(t)) be the solution of (2.6). Assume that w(t) is a bounded, absolutely continuous
signal and that the pair of signals (w(t),ve(t)) are asymptotically independent as per Definition
2.1.1. Let v, = I%T’UOG be the estimate of the body-fixed measurement v, = R vo,. Also, dynamics
of the estimator ¥, is given by

Bo = —S(w¥ — b+ kpvg X 94)0a. (2.7)

Define:
The error variables are defined as, R = RTR and b=1b— b. The set Uy € SO(3) x R3 is given by,

U = {(R,b) : vj,Rvpa = ~1,b = 0} (2.8)
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Then:

1) Under the closed-loop filter dynamics, the set Uy is forward invariant and unstable for some
e-neighborhood of Uy given by,

D = {(R.,bs) : d((Rx,b.),Up) < €} (2.9)
in which d((Ry,b),Uy) is the minimum distance between (R.,by) and set Uy defined by,

d((R.,b),Uy) = inf (1 —vd,RT Rvg, + [|bs — b)) (2.10)
R,beUy

2)  For equilibrium point (I,0) of (R,b), the estimate (@a,i)) is locally exponentially stable to
(vq, ).

3) The trajectory (94(t),b) converges to the trajectory (vq(t),b) for almost all initial conditions

(Ro, b) ¢ Uy.

The architecture of this non-linear attitude observer is shown in Figure 2.1. In the block diagram
for filter, the term wY — b+ kpv, X ¥4 is denoted by @w. The PI compensation of the explicit
complementary filter is controlled using the gains kp and k;. In Appendix A, the proposed observer
is simulated for suitable choice of gains kp and kj.

wY

Gyroscope

Yy v Eones
(4] a¥ a mes
Accelerometer [a¥] (x)

Figure 2.1: Block diagram of the explicit complementary filter with bias correction.

2.2 Velocity Estimation

The zy-position estimates of the drone is obtained from the external camera which is sampled at
the rate of 30 Hz with a delay of 0.1s. The state observer designed by N. Jeurgens in [35] provides
the estimate of z-position in inertial frame using the roll ¢ and pitch 6 angles computed with an
attitude observer and the body-fixed frame z-position estimates acquired from the altimeter out-
putting at 25 Hz. In [35], a dual linear Kalman filter is proposed which provides reliable estimate
of roll ¢ and pitch 6 angles and therefore the z-position estimate in Z is also reliable. However, this
attitude observer provides erroneous yaw angle 1) estimates of the quadrotor.

The proposed explicit complementary filter in Section 2.1 is instead used to construct the rotation
matrix R to represent the p € Z of the quadrotor in body-fixed frame B using



2.3. Rotor Speed Estimation 10

v=RTp, veB. (2.11)

The position estimates of drone samples data at a lower rate compared to the attitude information
which is sampled 400 Hz. In order to use all the data to control the drone, the model used for
experiments uses an update mechanism [32,35] for the position estimates. This results in quantized
position data from holding the samples at different intervals.

The process of filtering of such quantized signals from moving average method results in smoothing
out of important information in the signals. Hence, a differentiation filter known as Savitsky Golay
filter [48,49] is used to compute the smooth derivatives of position p and then use the expression
in (2.11) to compute the body-fixed velocity v. The Savitsky Golay filter is capable of preserving
most of the important information on the signals and also rapidly compute derivatives of the signals
in time domain using the properties of convolution. The smoothed position derivatives obtained
using this differentiation filter is detailed in Appendix B.

2.3 Rotor Speed Estimation

System inputs, thrust f and the torques 7 = [71, TQ,Tg]T are computed by the controller to follow
a given trajectory. A relation is then used to calculate the thrust 7; required by each rotor for the
given inputs given by,

f 1 1 1 1][ny
T1 . l -1 -1 l T2
T2 N -1 -l l l T3 ’ (2.12)
T3 d —d d —d| |1Ix

where [ is the distance from the rotors to the center of mass, and d is the rotational drag coefficient.

In the thesis report of N. Jeurgens [35], the functions representing the quadratic relationship be-
tween individual rotor thrust 7; and PWM values Pyy; is determined using a force transducer, given
by:
T 1.5618 - 1074 Pg;; +1.0395 - 102 Pyy;1 + 0.13894
T, 1.8150 - 10 P, + 8.7242 - 1073 Py + 0.14425
T 1.3478 - 1071 P, 5 + 7.3295 - 1072 Py 3 + 0.11698
Ty 1.4306 - 1071 Pg; 4 + 5.7609 - 1072 Pyy4 + 0.13362

(2.13)

Then the PWM values Py; determined by the above expression are supplied as motor inputs to
the quadrotor. It is observed that there exists a linear relationship between the PWM values Py ;
supplied to the motors and the individual rotor speed ; of the quadrotor [36]. This relationship
was experimentally determined in [35] using an RPM counter, given by:

0 3.7503 Py,1 + 132.7387
Oy|  |3.7123Py5 + 131.5018 (2.14)
Q3| ~ [3.7891Py 3 + 132.7387 | '

Q4 3.7380 Py 4 + 132.2209

The above expression is used for determining the individual rotor speeds €2; of the quadrotor which
is a crucial data for implementing the identification procedures.
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2.4 Extraction of Aerodynamic Forces and Moments

When considering the forces acting on the body-fixed frame of the quadrotor, the translational
dynamic equations are given as

mr = —mS(w)v + Z Feut, (2.15)

where mS(w)v represents the Coriolis term which is regarded as the fictitious internal force. The
term Y F.,; represents the sum all the external forces which includes the gravitational force and
all the aerodynamic forces acting on the quadrotor, given as

Z Feyr = _mRTgel?) + fes + Fuero, (2'16)

where the thrust f and all the other aerodynamic forces Fy.,, together represent the total aerody-
namic forces acting on the quadrotor.
The expression for IMU accelerometer which measures in body-fixed frame B, is given as [9],

ma? = mRT (ges + ), (2.17)

where the internal force described by the Coriolis term is not measured by this sensor since it mea-
sures only the externally applied forces rather than the resultant forces acting on the body-fixed
frame as mentioned in [31,37,38].

The measurement of force mR”j is not directly sensed by the accelerometer, in reality this is
estimated from the externally applied aerodynamic forces. Also, the external thrust f in z-direction
is also not directly measured, but during flight this force is equal to the gravitational force which
is given by mRTg. So (2.17) can written as:

ma? = fes + Fuero. (2.18)

With this expression, the time signals of the total aerodynamic forces can directly be obtained for
parameter estimation of suitable grey-box models.

The rotational dynamics of the quadrotor is defined as,
Jw = S(Jw)w+ 7+ Mg+ Maero, (2.19)

where the summation of My and M., represent the total disturbance moment acting on the drone.
Unlike the accelerometer, the gyroscope of the IMU sensor measures the effect of the resultant
moments rather than just the externally applied moments. With (2.19) and the IMU gyroscope
angular velocity w?, the disturbance moments can be isolated by rearranging the terms as

Jo¥ — 8(Jw?)w? — 7 = My + Maero. (2.20)

2.5 Concluding Remarks

The datasets required for the identification are either not directly available or are corrupted with
noise and bias. This chapter describes the approaches used to obtain the datasets from the available
sensors for the quadrotor flight experiments. The representation of the quadrotor velocity in the
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body-fixed frames requires information on the attitude estimates. An explicit complementary
filter with bias correction is used to reconstruct the attitude information of the drone from the
IMU gyroscope and accelerometer measurements. The derivatives of the external camera position
estimates are used to estimate the quadrotor velocity in the inertial frame. A specific differentiation
filter known as the Savitsky Golay filter is used to compute the derivatives of the quantized position
data. This filter is known to preserve most of the significant information on quadrotor velocity
without too much smoothing. Another important data is the quadrotor rotor speed which is
estimated using the PWM inputs supplied to the motors of the quadrotor. The linear mapping of
the rotor speeds to the PWM inputs used for the estimation of rotor roation speed. Lastly, the
measurements of the aerodynamic forces and moments are acquired from the IMU accelerometer
and gyroscope data, respectively. It is assumed that the accelerometer data captures only the
external forces measurement due to which the internal forces are neglected. However, the gyroscope
sensor measures the net resultant moment acting on the vehicle and therefore all the internal and
external moments need to be considered for isolating the data on aerodynamic and other disturbance
moments.



Chapter 3

Identification of Aerodynamic Models

In this chapter, the identification of the aerodynamic models is performed. The complex aerody-
namic effects involving the quadrotor frame, rotors and the surrounding air is difficult to model with
the currently known theoretical models [9-12]. Such models usually describe the aerodynamics of
quadrotors by only considering the rotor flapping behaviour and induced flow. As stated in the work
of [31,36], complex interactions between lateral and longitudinal linear velocity of the quadrotor
is also crucial to capture the aerodynamics of the system. Identification methods offer the pos-
sibility to model such complex dynamics which usually cannot be explained by the physical models.

The outputs of the IMU sensor are widely used to identify the aerodynamic forces and moments
acting on the body-fixed frame of the quadrotor [11,29,31,36]. This simple approach enables to
identify the aerodynamic effects in such a way that they can be represented together with the
known theoretical rigid body model. Furthermore, since the aerodynamic models are identified
with respect to the body-fixed frame B, there are no additional rotation matrices introduced in the
quadrotor model. The identification procedure is explained through the schematic representation
given in Figure 4.1.

Figure 3.1: Schematic illustration of the identification method.
The identification procedure entails several steps from processing the flight data till validation of

13
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the suitable model. The different stages crucial to the identification process is explained in brief
through the following points:

o Experiment data
To capture most of the system dynamics in the model, the experiments conducted should
sufficiently excite the necessary variables. For instance, to determine the strong coupling
between the rotor speed §2;, body linear velocity v and angular velocity w of the aerodynamic
model, the experiments should be performed to simultaneously excite all the independent
variables. The determination of the independent variables €2;, ¥ and w and the response
variables Fyero, Myero and My is described in detail in the previous chapter.

« Potential predictors
The combination of the independent variables are used to form the potential predictors for
the model. In the case of the aerodynamic model, polynomial functions are formed with this
combination. The potential predictors are determined with the known theoretical models
for quadrotor aerodynamics. In addition, polynomial functions to account for the other
aerodynamic effects not explained by the physical models are also formed with the variables.
The pool of predictors is defined in the further sections of this chapter to fit the aerodynamic
forces Fiero and disturbance moments M., and My. In Section 3.2 and 3.3 the model
structure for thrust force (F,) and drag force (Faz and Fa7y) are defined. Similarly, the
grey-box models for roll and pitch moment (MI and My) are defined in Section 3.4 and the
structure for yaw moment model (ML) is given in Section 3.5. Furthermore, in Section 3.6 it
is briefly explained how the aerodynamic forces and moments varies with quadrotor air speed.

e Model selection

The sum of all the potential predictors defines the model set for carrying out the identification.
It is important to determine only the best set of predictors to fit the response variables F o,
Mero and My without any over fitting. To implement this, a model selection criterion is
applied using Least Absolute Shrinkage and Selection Operator (LASSO). The criterion is
applied using Least Angle Regression (LAR) algorithm proposed by Efron et al. [39] and is
explained in Section 3.1. Once, the right set of predictors are selected and the free parameters
are estimated the model for performing validation test is defined.

3.1 Model Selection

Consider the model selection problem defined by the following linear-in-parameters regression
model,
y=X0O +e¢, (3.1)

where y € RY represents the response variable with N data points. The regressors matrix is
given by, X = [©0, 1,92, -, om] € RYX™ which contains the constant predictor ¢g in the first
column and ¢; which represents the ith candidate predictor, where ¢ = 1,2...m. The vector
O =[01,0,...,0,] € RY represents the parameter vector and e is the residue between measure-
ment data and output of the model.

For identification of the aerodynamic model, the response variable y is given by the measure-
ments of Faeroy, Myero and My. Also, the matrix X consists of the predictors formed with the
independent variables €2;, v and w.
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Let the matrix X represent the dictionary of the m potential predictors to fit the response vari-
able y. In model identification, it is often redundant to use the complete set of predictors defined
in X. Thus, our model selection problem is equivalent to determining a full dimensional subset
Xp = [C0,C1,y o Cp] € RYXP of P < m predictors from the library of X, with constant predictor
Co = wo. Then the system response variable y can be acceptably approximated using a linear
combination of (y, (1, (o, ..., (p, given by

y =000 +01C1 + ... +0pCp + €

(3.2)
:Xp0 + €.

The problem of model selection in (3.1) is confronted by implementing Least Absolute Shrinkage
and Selection Operator (LASSO), which is method for regularizing a least squares regression. The
LASSO method fits the linear model, given by,

J=> ©i0i (3.3)
i=1

with the constant predictor term ¢g excluded, to solve the optimization problem,

m
© =min|ly — g|* subject t 0 < 3.4
mplly =3It sijectio Y6 < (3.4)
where [|.|| is the L2 norm and s > 0 is the tuning shrinkage parameter used to select the number

of predictors to the model. A sufficiently large value of s, will produce the ordinary least square
solution for (3.4) and smaller values shrinks some estimates of © to zero.

The expression given in (3.4), was earlier solved using quadratic programming which was compu-
tationally cumbersome. Therefore, we use the Least Angle Regression (LAR) algorithm proposed
by Efron et al. [39] which implements the LASSO optimization problem with a small modification.
Such an implementation determines the solutions for LASSO for all shrinkage parameter s. The
LAR algorithm with modification for LASSO is shown in Algorithm 3.1 which is based on the work
of [41].

Since the given algorithm will add one predictor with every step, the Bayesian Information Criterion
(BIC) is used to terminate the LAR code. Assuming the LAR algorithm has added p predictors
after n steps to the model, then the BIC criterion is defined by,

BIC,, = Nln (RSS,/N) + pln(N), (3.5)

where RSS,, is the residual sum of squares given by ||y — ¢||?>. Then the following condition is used
as a satisfactory model selection stopping criterion [40],

|BICn_1 — BICH‘ < €Ecrit, (36)

in which the value of e..;; decides how many predictors are to be included in the model.
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Algorithm 3.1 Least Angle Regression (LAR) with LASSO modification
Initialize:
1: Standardize the predictors ¢;, 0 < i < m to keep mean p = 0 and variance o = 1, except the constant
predictor term g. Set coefficients ©1, 0o, ...,0,, = 0.

2: Find the first predictor most correlated to response y and determine the residue, r = y — ¢, where ¢ is
the least square estimation of y.

Procedure:
3: Excluding the first predictor, find a predictor ¢; most correlated with .

4: Increase coefficient ©; from zero towards its least-squares coefficient (p;,r) until some other candidate
¢k has as much correlation with the current residual as ;.

5: Move coefficient (0;,0) in the direction determined by joined least squares coefficient of the present
residual on (¢;, 1), until some other candidate ¢; has as much correlation with the current residual.

6: LASSO modification: Continue this pattern and if some non-zero coefficient reaches zero, remove it
from the active set and recompute the present joint least squares direction.

Stop Criterion:
7: The above procedure is terminated when the BIC stopping criterion in (3.6) is met.

Once the model with p most essential predictors are selected using Algorithm 3.1, the output model
is estimated by also including the constant predictor term (for bias), given by

9 =00Co + 61C1 + ... +0pCp + €

R 3.7
X (3.7)

where the value of 8 is estimated by the original least squares (OLS) solution, defined by
b= (XFXp) ' Xy (3.8)

3.2 Thrust Force Model

In this section, the structure of the thrust model £ is defined using the known quadrotor aerody-
namic theories. The purpose of this model is to capture the resultant force acting on the z-direction
of the quadrotor. The thrust force excluding the drag forces denoted by 7', is first modelled by
considering the following components of forces:

e The thrust generated by the propellers.

e The force due to thrust variance effect which is caused by translational lift and rotor induced
velocity [10]. Effective translational lift is the aerodynamic force which results from the
quadrotor performing climbing and descending maneuvers. The other effect is caused by the
inflow of air through the rotor disk known as the rotor induced velocity.

Assumption 3.2.1 For purposes of identification the following assumptions are considered:

i) The local rotor velocities, v; = [u;, v, w;]T € B in the body frame of all the four rotors are
identical.

it) The induced velocity vin; of each rotor is assumed to equal to each other as well.
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The thrust forces of the ith rotor is hence expressed by [42]:

T;

+ 3.9

3 202R2, 2Q Ryq (3:9)
where p, is the density of air, a is the lift curve slope of blade profile, B refers to the number of
blades, ¢ is the blade chord, R,, indicates the rotor radius, 6, is the rotor pitch angle, V; = ||v;]| is
the resultant magnitude of the ¢th rotor velocity , o is the angle of attack between coming air flow
and rotor disk and v;,; is the induced velocity of the ith rotor.

B pachQizRi;’a (GT Vf cos 2a0, Vin,i — V;sin a)
e

Now, the resultant speed V; of rotor i of the quadrotor is a function of the horizontal and vertical
body-fixed velocities of the quadrotor. Hence, by substituting the following terms,

Vicosa = \/u? +v?, Visina = w, (3.10)

in the expression given for 7; in (3.9), we get

T; (3.11)

5 -r

_ paabe Ry, (Or (i + 026y | ving —w;
3 202R?, 20, Rya

All the constants for 7; can be lumped together for simplicity and therefore the model for the total
rotor generated thrust in the body-fixed frame can be given as,

4
T="T=roY QO+ r1(u®+0%) + ro(vin —w) Y U (3.12)
=1

in which kg, k1 and k9 are the constant parameters. The term 221:1 will be simply represented by
> in further expressions. The total induced velocity v;, during translational flight in the quadrotor
body-fixed frame is given by [10],

_ Y
Vi + 0%+ (vin — w)?’

where vy, is the induced velocity of the quadrotor during hovering. The resultant force acting in
the z-direction of the quadrotor is then given by,

Vin

(3.13)

FZ:T+D2

(3.14)
= KJ()ZQ? + k1 (u? + v?) + Ko (vin — w) ZQl +D,,

in which D, represents all the drag forces in the z-direction of the body-frame.
When the drone flight experiments are conducted to only hover at a certain a height, the resultant
force in z-direction given in (3.14) reduces to the following,

Fhov = HOZQ? +52VhZQi, (315)

where the components of body-fixed velocities v = 0, during hovering at a stationary point. In the
above expression the induced velocity v;, becomes equal to the hovering induced velocity v, which
can be inferred from (3.13). In the work of [30], it is empirically proven that the induced velocity
during hovering has a linear relationship with the rotor speed, which can be expressed as,

v = dp Yy S, (3.16)
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where dp, is a constant parameter. Hence the expression for hovering model Fhov in (3.15) can be
written as,

Fhon = Ko Y QF + Kady (Z Qi)Q ~ (ko +hr2) Y W =r> Q2 (3.17)

in which the constants kg and ko are lumped together and represented by . Here we have obtained
an approximate model for Fhm, which has a direct mapping to the term > Q% To determine the
hovering parameter x of this model it is required to preform several hovering experiments with the
quadrotor. However, drones operating near the ground can suffer from varying effects of the in-
duced velocity which is known as the ground effect. It is required to perform hovering experiments
at height z from the ground which satisfies the condition z/R,, > 0.5 [43], where the variation of
the induced velocity effect becomes negligible.

The closed-loop hovering flight experiments are performed using the controller designed in [32], for
the position reference trajectory given by,

T
pT:{O 0 zr} , zp=1m (3.18)

The parameter k is computed using recursive least squares using the the individual rotor speed
Q; data and the measurement for hovering thrust force Fj,, is obtained from the accelerometer
measurement in z-direction. Figure 3.2 shows the sequential estimation of parameter x with the
dataset formed with eight different hovering flight experiments. The estimate of parameter x from
each hovering experiment is presented in Appendix C and the detailed explanation to the applied
recursive least squares method is given in Appendix D.
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Figure 3.2: Recursive estimation of parameter x from combined data of eight different hovering
flight experiments.

During experiments for hovering data ,the quadrotor was not able to hover motionless for a long
period and therefore multiple datasets were acquired for estimation of parameter k. It is observed
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in Figure 3.2 that after N = 8000, the parameter value becomes more consistent. The final value
obtained for the hovering parameter is £ = 6.858 - 1076 N rad—2s?.

The remaining terms of the model Fz given in (3.14) can be represented by forming polynomial
functions with independent variables of v and Y €; [31]. Then the set of model predictors are given
as:

Fzset = Fhov + Qg + @1(’&2 + U2) + @ngQi + @3102 ZQZ + @4UZQ¢—|—

(3.19)

Osv Z Qi + Oguw? + Orvw?
where ﬁ’hm, is the estimated hovering model which remains fixed in the set and ©; for ¢ = 0,1...7,
are the unknown free parameters with ©¢ being the parameter of constant predictor or bias. In the
above expression, the third and fourth term of the polynomial model resemble the ones given in
(3.14). The terms w? >, u>.Q; and v Y §; partly represent the effects of the induced velocity
term v;,. Using first principles models, it is difficult to determine v, for the thrust model, but our
proposed identification method can capture its effects in the grey-box model. Furthermore, uw?
and vw? represent the aerodynamic drag forces acting in z-direction which is represented by D, in
(3.14). These terms take into consideration the coupling of horizontal and vertical motion of the
quadrotor.

Now, the model selection criterion from the previous section is implemented to determine the most
essential predictors in model set Fzset given in (3.19). This selection criterion is not only used
to avoid overfitting but also to limit the number of model terms for the final quadrotor model.
For determining the parameter , the hovering trajectory in (3.18) was chosen to eliminate all the
other disturbance effects. Similarly, to determine all the free parameters in the model, the flight
trajectory should excite all the independent variables of body-fixed velocity v and rotor speed
Q; simultaneously. Here, we use the 3D fast trajectory for the flight experiment defined by the
following reference position,

T
pr(t) = {Cos(att) sin(ast) 1.5+ sin(att)} (3.20)

where a;=1 for fast 3D circular maneuver. The IMU accelerometer flight data for z-direction is
then collected from this experiment to get the measurement of aerodynamic force F.. By using
this measurement as the response variable and the model set for F,_,, defined in (3.19), the model
selection algorithm is applied with €..;; = 400 for restricting the number of model terms.

Figure 3.3 shows the evolution of the function BIC,,_; — BIC,, (in blue) with respect to n iteration
steps of the selection method. It is observed in the figure that after n = 4, the value drops below
the chosen critical value of €. (dashed in black). It can be also seen that after n = 4, the values
go in a non-increasing fashion except at n = 7. This is because at iteration step of n = 7, the
coeflicient of one of the model terms already existing in the model shrinks to zero. As per Algorithm
3.1, the LASSO modification step removes the model term whose coefficient value reaches zero and
recomputes the present joint least square direction. The selection algorithm then adds another
more correlated model term to the model set in the same step of n = 7.
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Figure 3.3: Model selection algorithm applied for model set FZ with chosen €.+ (dashed in black)

set

For the choice of the €., the model terms for up to n = 4 steps are only considered. The resulting
output model with p = 4 selected model terms and the bias term is given by:

Fz = Fhov + é1 + éQ(UQ + UQ) + égUZQZ + é4UZQi + é5wZQZ (321)

in which the free parameters éz with ¢ = 1,...,5, are estimated using the original least squares
solution given in (3.8). The value of estimated parameters are given in Table 3.1 which are sorted
as per the most to least relevant predictor terms of the model.

Model Estimated

Prodictor Parameter (6) Value Units
wQ; 05 —3.91-10~* | N(m-rad)~! s?
vy é4 —2.17-107° N(rn'rad)_1 2
uy 05 —1.55-107* | N(m-rad)~! s?
u? + v? 0, —1.46-1071 Nm 22

1 0, —2.98 . 1072 -
NMSE fit 85.86 %

Table 3.1: Estimated value of the free parameters for thrust model F, (sorted from most to least
relevant).

In Table 3.1, the % goodness of fit of the obtained model on to the estimation data set is evaluated
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by computing the Normalized mean square error (NMSE), given by

_al2
it% = (1 - ”yy”2> % 100, (3.22)
lly =9l
where ||| represents the 2-norm of vector and ¥ is the mean value of the measurement or reference

data y. Table 3.1 shows that the most relevant or correlated predictor for thrust model is the
term which involves the independent variable Y €2;. This is understandable since in z-direction
the air induced with propeller rotation contribute the most towards the aerodynamic effects acting
on the quadrotor. The predictor term v? 4+ u? representing the effective translational lift seems to
contribute as well in the aerodynamic model of F.

It is however also noticed that the effect of terms uw? and uwv?, which takes into account the drag
forces in (3.19) had no significant effect on the quadrotor aerodynamics in z-direction. As per the
work of [36], resultant airspeed V of the quadrotor should be greater than 2 m/s to model the
complex aerodynamic effects. Since, the drone experiments are conducted at normal room wind
speed, some of the disturbance dynamics cannot be identified and incorporated to the present model.

In Figure 3.4, the fit of the estimated model on the validation data is illustrated for the same 3D
fast trajectory defined in (3.20). The performance of the estimated model F} is evaluated by also
comparing it with the simple hovering thrust model Fj,,,.

As seen in the Figure 3.4, the hovering thrust model F hov 1ags behind the measurement of force F,
and also overestimates the magnitude due to negligence of the damping effects. The aerodynamic
force model Fz seems to predict the magnitude of the measurement much better and also the phase
difference between the measurement F, and the model F ., is also reduced. A validation fit of 70.53%
is obtained for the estimated model with estimation fit of 85.86%. To bring the validation fit results
much more closer to estimation fit, the parameter estimates needs to be recomputed with longer
identification dataset.

It is to be noted that the number of mode predictor terms can be further increased to improve the
estimation and validation fit without any overfitting. Since the additional disturbance dynamics
terms for the non-linear controller has to be limited, only the few most relevant predictors are
included.

In the model selection criterion by adjusting the value of €..;; given in (3.6), the number of model
predictors from the model set of £, can be controlled. In the next section for modeling drag forces,
the choice of €. is chosen to be even smaller.
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Figure 3.4: Validation fit results on the measurement F, (black) with hovering model F},, (dashed)
and identified thrust model F, (red) of NMSE fit - 70.53%.

3.3 Drag Force Model

The aerodynamic forces acting in « and y direction of the quadrotor is modeled in this section. Dis-
turbance dynamics in the horizontal direction of the drone are mostly caused by the aerodynamic
drag forces. The Assumption 3.2.1 for local rotor velocities and induced velocities is taken into
consideration for the drag force models as well. To model Fj ; and F, ,, we consider the following
horizontal forces:

Blade flapping effect :

When the tip-path-plane of the rotor blade during translating horizontally through air tilts back
to balance the aerodynamic forces with its flexibility, the rotor thrust is tilted back which leads to
a horizontal force. This horizontal drag force on rotor i due to blade flapping is expressed as [9],

Vi
QiRra '

where T}, ; represents the nominal hovering thrust for rotor i, Vi, = [u;, vs, 0]” € B is the velocity
of the rotor in the x-y plane and Ay, is given by,

Dpyi = ThiAfiap (3.23)

Alc _Als 0
Aflap = Als Alc 0], (324)
0 0 0

in which A, and A, are constants corresponding to blade flapping drag. In (3.15), the expression
for total hovering thrust Fj,, = k. Qf and therefore individual rotor thrust of the quadrotor can
be given as, T} ; = &Q%. Then the expression in (3.23) can be written as,
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Vi,
RT(Z '
The total drag force Dpy acting on the vehicle from blade flapping effect can be expressed in the
following lumped parameter form,

Dpyi = £QiAfiap (3.25)

Dpy=)_ Dppi=Kp1) QVa, (3.26)

where Kp 1 is a constant parameter.

Induced drag;:

In blade flapping it is assumed that the blades are flexible and thereby counters the imbalance in
the lift force. However, if the blades are considered to be stiff or even semi-rigid the advancing
blade will generate more lift than the retreating blade and such instantaneous lift will also produce
a proportional instantaneous induced drag. The rotor blade on the retreating side experiences
less induced drag than the blade on the advancing side during forward flight. Hence, the net
instantaneous induced drag experienced by the rotors will directly oppose the apparent wind. This
induced drag acting on the vehicle which is proportional to the apparent wind velocity can be given
as [9),

Dig=> Dia; = KpsVh, (3.27)

in which Djq; represents the induced drag for individual rotor i and Kp s is a lumped constant
parameter.

Translational drag:

The air sucked in through the rotors with the velocity component called induced velocity v;, is
responsible for this drag. In forward flight, the direction of the apparent wind or relative wind
velocity is redirected downwards due to the induced flow through the rotors. Such a down-washing
of the airflow causes the angle of attack a between the chord line and relative wind flow to shrink.
The compensation for the induced flow downwash results in induced lift by increasing the angle of
attack. When the rotor blade induces more lift there is also a proportionally induced drag. This
effect of drag from induced flow is termed as momentum drag or translational drag. The model for
this drag effect as expected would have the component of induced flow and rotor speed in the z —y
plane. The expression for translational drag of rotor ¢ at high speed is given by [44],

Dra; = Ky (w; — Ving)* Vi, (3.28)

where K is a constant, w; and v, ; represent the z-direction velocity and induced velocity of rotor
1, respectively. Now using Assumption 3.2.1, the total translational drag D4 acting on the drone
can be written in the lumped form using,

Drg =Y Dra; = Kps(w —vin)*Vy, (3.29)

in which Kp 3 is the lumped constant for the total translational drag D7g4. For the identification
model, the expression of the translational drag of rotor ¢ for low speed given by, Drq; = K7V ; is
not taken into consideration.

Profile and parasitic drag:
The frictional resistance offered by the rotor blades of the quadrotor when moving through air
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causes profile drag [44]. The angle of attack has very little to no effect on this drag force but
increases moderately in a linear manner with velocity. However, at very high speed the drag force
varies quadratically with increasing velocity. The expression for profile drag Dpy acting on the
vehicle is given by,

Dpra =Y _ Dpai=KpaVu, (3.30)

where Dpg; is the profile drag for rotor ¢ and Kp 4 is the lumped constant parameter. The parasitic
drag on the other land is caused by the non-lifting components of the quadrotor such as the outdoor
hull, fuselage, motors, rotor hub and landing gear. This drag varies quadratically with velocity and
the expression for the quadrotor in the z-y plane is given as [44],

Dpq = Kp5Vu|Vul, (3.31)

in which Kp 5 is the constant parameter. The variation of all the considered drag forces for the
quadrotor with respect to body velocity v is shown in Figure 3.5.

Figure 3.5: Variation of different drag forces with respect to body-fixed velocity v [44].

From Figure 3.5, it is clear that blade flapping and induced drag are the most dominant drag forces
acting on the drone. The translational drag is the most important damping force after these two
and has a different behaviour at low and high speed of the quadrotor.

Using (3.26),(3.27), (3.29), (3.30) and (3.31), the total drag forces acting on the 2z — y plane of the
quadrotor can be expressed as,

A

Fowy =Dpy + Drg + Drq+ Dprg + Dpa

\ (3.32)
=Kp1> Vi + KpaVi + Kps(w — vin)* Vi + KpaVi + Kp sV | Vil

Here the terms with constant Kpo and Kp 4 can be represented together as constant Kp and
hence (3.32) becomes,
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Frwy=Kp, Z Q:Vy + KpVir + Kps(w — vin)* Vg + Kp 5Ve|Va| (3.33)

The above expression gives an approach to define the model set for aerodynamic force in z-direction
by forming polynomial terms of the variables v and )" €);. The model predictor terms for model
set F, »,., is then given by,

Fozey =00+ 010 Qi+ 020> Qi+ O30 Y Qi + Oqu+ Osw + Oguw Y Q; + Ozuw? Y

+ Ogulu| + Ogulv| + O1pu|w| + O11w|v|
(3.34)

in which ©; for ¢ = 0,1...11, are the unknown free parameters with O being the bias term. In
the above expression, the aerodynamic force in z-direction also contains the velocity terms v and
w of the y — 2z plane since the identification experiment with 3D fast trajectory (given in (3.20))
is conducted to capture the drag effects of simultaneous excitation of the horizontal and vertical
components. The reasoning for choosing the polynomial terms in set Fa,mset to model the drag
effects are explained through following points:

o The terms v €, v > €, and w ) €); together represents blade flapping drag force Dp; par-
tially. These terms also partly represent the effect of translational drag Dpg. The mutual
interaction of the rotors and the quadrotor fuselage could also be represented with these
terms [31].

o The fifth and sixth predictor term in (3.34) given by u and w represent the effect of induced
drag D4 and profile drag Dp,q.

o uw . and uw? 3 §; represent the effect of translational drag Dy and also the previously
mentioned interaction of the rotors and fuselage..

o Furthermore, since the resultant velocity V' of the quadrotor in the identification experiment
has a component in z,y and z-direction simultaneously during flight, the parasitic drag D pg
will contain terms such as u|u|, u|v|, ulw| and |w|v in the model set for Fy ,.

The model selection algorithm from Section 3.1 is applied with Ecrit = 100 to determine a suitable
model for FM; with limited model terms. The output model FM; is selected from the model set
using the flight dataset of 3D fast circular maneuver. The chosen output model along with the bias
term is given by,

Fow = 06 + Orulu| + Oswlv]| + ou > Qi + froulw)| (3.35)

where the parameters 0; with i = 6, ..., 10, are estimated using the original least squares and are
given in Table 3.2.
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glr(;iei}(l‘,tor Parameter () Ellz‘ilr:ated Units
’LL|U)| 910 —-1.92-107! Nm2s?
uy 0q —6.19-107° | N(m-rad)~! s?
wlv| fs 1.19-107! Nm~2s?
ulu) 07 —2.90-1072 Nm2s2
1 0¢ 1.91-107! -
NMSE fit 88.46 %

Table 3.2: Parameters estimates obtained for z-direction drag force model Fa,m (sorted from most
to least relevant).

As seen in Table 3.2, the model predictors obtained for Fa@ contain most terms that represent
the parasitic drag force Dpgy. This means the aerodynamic resistance in the z-direction is mostly
caused by drag from components of the quadrotor such as outdoor hull, motors and landing gear.
The presence of the term u Y w; in the selected model indicates that the horizontal component of
the blade flapping effect Dp also plays a significant role.

For performing the validation fit test, as a benchmark for comparison the simple z-direction damp-
ing force model Fp , given in the work of van den Eijnden [32] is used, which is expressed as,

1
Fp.= —sign(u)ipacxu ou (3.36)

where ¢, = 2.5 represents the damping coefficient and the density of air is taken as, p,=1.2 kg/m?.
Figure 3.6 illustrates the fit results of the simple damping force model Fp, and the estimated
model Fjy , on the validation dataset of aerodynamic force F, ;.

ax [N

Force F

time [s]

Figure 3.6: Validation fit results on the measurement F, , (black) with simple damping model Fp ,
(dashed) and identified aerodynamic model Fy, , (red) of NMSE fit - 80.85%.
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As observed in Figure 3.6, the simple damping force Fp , modeled by [32] overestimates the mag-
nitude of the aerodynamic force and also lags behind in phase with the measurement F, ;. The
identified aerodynamic model Fayr has a NMSE fit of about 80.85% on the measurement. The
magnitude and phase of the identified model Fa,z predicts better in comparison to the damping
force model Fp ;.

The model set for aerodynamic force in y-direction has a similar structure to the one given in (3.34)
and is expressed as,

Fa,yset =00 + O1v Z Q; + Oqu Z Q; + O3w Z Q; + O4v + Osw + Ogvw Z Q; + O70w? Z Q;

+ Ogv|v| + Ogv|ul + Orpv|w| + O11w|ul
(3.37)

By model selection with same critical value €..;; = 100, the reduced selected model (including term
for bias) for aerodynamic force in y-direction is given by,

Fa,y = 911 —+ §12v|v| =+ élng Z Qz + é14u Z Qz + é15U Z Qi, (338)

in which the parameters 91 with ¢ = 11, ..., 15, are estimated using least squares and the estimates
are given in Table 3.3.

IE\’/IrZ(jlitor Parameter (6) ]\E/Ztlg:ated Units
vy 015 —1.51-107* | N(m-rad) 's?
uy 014 —4.58-107° | N(m-rad) !s?
vw Y. 05 5.14-107° | N(m?-rad)~'s3

v|v] 012 7.37-1072 Nm 22
1 011 —3.2-1072 -
NMSE fit 82.33 %

Table 3.3: Parameters obtained from the estimation dataset for y-direction drag force model Fajy
(sorted from most to least relevant).

In the Table 3.3 it is noticed that the terms represented by v > Q; and u Y §2; are the most rele-
vant predictors for the model, which could indicate the effect of blade flapping., . After these two
model predictors, the term vw Y 2; denoting partly the effect of translational drag Dpg and other
complex interactions seems significant for the selected model. Lastly, the parasitic drag term v|v|
seem to contribute as well to the drag force model F&y

It is observed that the terms of parasitic drag Dpg have only a little role in describing the aerody-
namic force Fy , due to the interaction with the quadrotor fuselage in y-direction. During identi-
fication it was determined that the inclusion of more parasitic drag terms lead to high variance in
the estimated parameters for different datasets. In the work of [36] it is mentioned that the aero-
dynamic force in the direction projected to large area of the fuselage have quadratically varying
parameters. This is expected to be the cause of varying estimated parameters in the identification.
It is also to be noted that no similarity in the obtained parameters can be seen for drag force
models Fa@ and Fa,y as the choice of model terms and the projected area in the z and y-direction
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of quadrotor are different. Furthermore, reasoning for the positive values of parameter estimates
in Fy , and F, , is unknown and needs to be investigated in future work. Again for comparison, we
use the y-direction damping force model Fp, used in the work of [32], given by,

1
Fp, = —sign(v)§pacyv owv (3.39)

where ¢, = 1.3 is the damping coefficient. Figure 3.7 shows the validation fit results of the damping
force model Fp , and identified aerodynamic model Fa,y on the measurement F, , from 3D circular
manuever trajectory. Here it observed that the model Fp , representing the parasitic drag predicts
accurately the magnitude of the y-direction aerodynamic force at some instances and overestimates
in other instances which suggest that the y-direction damping force occurs with a combination of
different drag forces. The identified model Fa,y takes into account the combination of these drag

forces and actively predicts the aerodynamic force acting in the y-direction of the quadrotor with
a 81.9 % validation fit.

0.6

ay [

Force F

Figure 3.7: Validation fit results on the measurement Fy, , (black) with simple damping model Fp ,,
(dashed) and identified aerodynamic model Fy , (red) of NMSE fit - 81.9%.

3.4 Roll and Pitch Moment Model

In this section, with the proposed identification method the roll and pitch moment models (]\me
and My) are determined. The aerodynamic moments acting on the air-frame of the quadrotor are
generally considered to surface from all the drag forces except the parasitic drag (defined in the
previous section). In theoretical models, the rotor generated drag forces and their respective offset
from the center of gravity is used to model the aerodynamic moment.

However, for our configuration of the quadrotor the moment models are identified from IMU gy-
roscope measurements. This enables to determine the drag forces that are actually responsible
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for the external torque on the quadrotor. It also helps in ascertaining if the aerodynamic drag
forces which were identified in the previous section have contribution to external moments as well.
However unlike aerodynamic forces, the external aerodynamic moments are much more difficult to
approximate with linear-in-parameters models.

To model the roll and pitch moment models we consider the following torque inputs given by,

71 = KlV)

(3.40)
T = KlV,

where 71 and 7y are the control outputs used to control the roll and pitch motion of the quadrotor,
respectively,  is the hovering thrust coefficient determined in Section 3.2 and [ is the distance of
the rotor centers from the center of gravity. Also, V}, and V; represent the rotor speed combination
of each rotor i given by,

V=03 -3 -3+ 0% V,=-0F-03+03+02 (3.41)
The total external roll moment Mx acting on the quadrotor can be represented as follows,

Mm =7+ Ma,z (342)

in which the aerodynamic roll moment model Ma@ is determined using model set Ma
defined by polynomial predictors formed by v, w, V,, and >~ €);. The model set M,
as follows,

weee Which is

zse: 18 €xpressed

Moz, = ©0+ 010 Qi + 020+ O3w + Ogvw Y Q; + Os5p + OgvVj, + O70V,, + Osw?V,, (3.43)
The above model set is selected based on the following reasoning:

« The second to fifth terms in (3.43) resembles the model set F, .., in (3.37) since the rolling
motion of the quadrotor results in linear velocity components in y and z-direction. Therefore,
the rolling motion of the vehicle is damped and dependent on velocity terms v and w. The
complex interaction of the other velocity terms from set F yser are excluded in set M(wm
due to the difficulty of modeling aerodynamic moments.

o The term representing the roll rate p in Ma,msei is used to take into account the rotational
damping from rolling maneuvers.

e The coefficient of the roll control output 71 is given by «l as represented in (3.40) but it is
determined that this coefficient varies when the quadrotor rolls to fly sideways. Hence, the
terms vV, v2V,, and w?V,, are used to take into account this mismatch in the roll control. The
coupling of the rotor speed combination V), with the velocity terms ensures that this effect
becomes negligible when the quadrotor is hovering.

Using the IMU gyroscope outputs, the net internal roll moment M, is calculated for the 3D circular
trajectory (given in (3.20)) flight dataset. The roll aerodynamic moment measurement M, , is then
obtained by M, , = M,—71, which is used for applying the model selection criterion with €..;; = 300.
A larger value of €. is chosen for roll moment model selection since aerodynamic moments have
very little influence on damping the quadrotor motion at low airspeed (V' < 2 m/s). The selected
model Ma@ is given as follows,

M, = b1 + 0170°V,, + 015wV + G190 (3.44)
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The parameters of the output model Ma,x are estimated using least squares and are provided in

Table 3.4.
glr(()e(jl(ie(l:tor Parameter (6) EJ/:LI:ated Units
v 019 1.82-1072 Ns
w?V, 015 —2.13-107% | N(m-rad?)~!s*
V2V, 017 —2.06-107 | N(m-rad?)1s*
1 016 1.14-1073 -
NMSE fit 76.99 %

Table 3.4: Estimated parameters for selected model Ma,x (sorted from most to least relevant).

Similarly, the model set M, .., is defined along the same lines as the model structure given in

(3.43) and is expressed as,

A

M,

et = 00+ 011 Y Qi + Ogu+ Ogw + Oquw Y Q; + O5q + OgulVy + O7u*V, + Osw?V, (3.45)

The measurement M, , = M, — 72, from the gyroscope outputs of the previously used flight dataset
is used for model selection. The obtained output model M, , using the previous cut-off value for
term selection i.e., €.y = 300 is given by,

Ma,y = égo + éﬂu + é22u2‘/;1 + égngVq,

where the parameter estimates 6; for ¢ = 20, ..., 23, are shown in Table 3.5.

%{“Z?i(ie(lztor Parameter (6) ]\E/:ir:ated Units
w?V, 023 —2.185-107°% | N(m-rad?)~!s?
u?V, 029 —9.94-10"7 | N(m-ad?) 1s*

u 01 —~1.51-1072 Ns
1 020 —4.4-1073 -
NMSE fit 91.35 %

(3.46)

Table 3.5: Moment model Ma,y estimated parameters (sorted from most to least relevant).

The external aerodynamic moments affecting the roll and pitch motion have similar choice of terms,
as seen in (3.44) and (3.46) for Ma,z and Ma,ya respectively. In both moment models, the predictor
terms involving rotor speed combination V), and V; are considered to be significant. This implies
that the coefficients of the torque inputs 71 and 75 given in (3.40) vary when the quadrotor performs
flight maneuvers. Also, the horizontal velocity terms v and v in models Ma,x and Ma,y, respectively,
indicate that the quadrotor experiences an aerodynamic moment due to the drag forces in x — y
plane. No similar patterns in the parameter estimates can be observed for roll and pitch moment
models as the projected area in x and y-direction of the quadrotor is different.
The disturbance moment from gyroscopic effect of the rotors ngm = [ngm,r, ngm,y]T, affecting
the roll and pitch motion is given by [44],
4

ngm =—Jr Z(—l)iﬂs(w)b:sﬁi,

i=1

(3.47)
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where J, represents the moment of inertia of the rotor. The estimation of this disturbance moment
showed that it had very little significance on the net roll and pitch moment of the quadrotor. This
is suspected to be caused by the counter rotating rotors of the quadrotor which makes the distur-
bance torque ngm virtually negligible and thereby are excluded from the roll and pitch moment
models.

The validation fit results of the estimated of roll external moment model Mx =71+ Ma,x on mea-
surement M, is shown in Figures 3.8. For comparison, the hovering roll input model 7; is plotted
against the measurement M, as well. Similarly in Figure 3.9, the fit of the identified pitch moment
model My =79+ Ma,y and the hovering pitch model 7 on the measurement M, is illustrated.

In figures 3.8 and 3.9 it is observed that the magnitude of the moment measurements (M, and M,)
are much lower than the identified models (Ma,z and Ma,y) and the simple hovering models (71 and
T2) . However, the magnitude of the identified models are more damped and closer to the validation
dataset than the initially considered hovering roll and pitch models. The poor validation fit of the
identified moment models is expected, since linear-in-parameters models are insufficient to capture
the aerodynamic moments acting on the quadrotors [36]. In Section 3.6, the variation of parameters
with respect to speed in moment models is briefly discussed to explain this complex behaviour. In
the current state of the quadrotor it is difficult to perform aggressive angular maneuvers for large
magnitude of moment measurements. This is also suspected to be the reason of the unsatisfactory
fit results from the poor parameter estimates.

Furthermore, during experiments the protective outdoor hull was attached to the quadrotor. This

loosely attached hull results in unsteady pitch and roll motions of the quadrotor which in turn leads
to constantly fluctuating aerodynamic moments acting on the quadrotor.
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Figure 3.8: Validation fit results on the measurement M, (black) with hovering roll model 7
(dashed) and identified roll moment model M, (red).
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Figure 3.9: Validation fit results on the measurement M, (black) with hovering pitch model
(dashed) and identified pitch moment model M, (red).

3.5 Yaw Moment Model

This section determines the model for yaw moment during hovering and other aggressive flight
maneuvers. The net external yaw moment acting on the vehicle can be expressed as,

Mz =73 + Mde3 + Ma,z

. . (3.48)
:d‘/r + Mrat,z + Ma,za

where d is the drag coefficient and V;. = Q% — Q3 + Q% — O3, is the rotor speed combination defined
for yaw input torque. The disturbance moment resulting from rotor inertia M, . is given as,

Mrot,z = Jr(_Ql + QQ - Q3 + Q4) (349)

To estimate the model of yaw moment during hovering, the flight data for the quadrotor should be
obtained by conducting experiments to perform yaw motions while hovering at a stationary point.
This results in flight datasets where body-fixed velocity, ¥ = 0 and angular rates for roll and pitch
becomes negligible as well. The model for yaw moment during hovering and can be given by,

Mo, = dVy + Jo (= + Gy — Gy + Ga) + 7, (3.50)

in which the term ~r represent the effect of rotational damping for yaw rate r. The flight dataset
for hovering yaw moment model Mhov,z is obtained using the toolbox designed in the work of
Marx [45]. The graphical user interface of the toolbox enables to perform manual yaw maneuvers
during hovering.

The estimation datasets are then used to determine the parameters [d, J,.,7]7 of the hovering yaw
moment model My, . which is given in Table 3.6. The table shows that the parameter v for the
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rotational damping is negative which is expected.

Parameters | Estimated value Units
d 5.14-107Y Nm-rad—2s?
Jy 2.12-1076 Nm-rad—'s?
v —2.02-1073 Nm-rad~!s

Table 3.6: Estimated parameters of hovering yaw moment model Mhov’z

The net yaw moment for other cases such as forward flights as given in (3.48) can be written as
follows,

Mz = Mhov,z + Ma,m (351)

in which Ma,z accounts for the other aerodynamic effects when the quadrotor performs other ma-
neuvers and the model set M, .., is hence given by,

Maze, = ©0 + 010> Q4+ O2u Y Q; + O30 + Oqu + O50V; + Ov°V, + OguV, (3.52)
where the first few terms resemble the model predictors for the drag forces in z-y plane. The other
terms, such as vV,, v?V, and V, accounts for the mismatch in yaw torque input in forward flights.
The 3D circular trajectory flight dataset is used again for the model selection from set M, ... The
output measurement M, obtained from the IMU gyroscope and the estimated hovering moment
model M}, . is used to isolate the yaw aerodynamic measurement using, M, . = M, — M}, .. The
chosen output model M, , form the model selection algorithm with e..;; = 300 is given by,

Mo,z = 024 + 050 + O30 (3.53)

The above output model has smaller number of terms as the term representing the rotational damp-
ing effect given by ~r is already included in the hovering yaw moment model M hov,-- Therefore, the
total aerodynamic yaw moment for the quadrotor is represented by the term 7 and the predictors
determined in (3.53) for model Ma,z. The estimated parameters for the selected model Ma,z is
given in Table 3.7. The estimation fit for few selected terms is about 44.53 % which can be further
increased to about 70 % with inclusion of more model terms.

Model Estimated

Predictor Parameter (6) Value Units
v 026 —1.33-107% | Ns
u 025 —2.64-10* | Ns
1 B2 ~39-1074 | -
NMSE fit 44.53 %

Table 3.7: Estimated parameters for moment model Ma,z (sorted from most to least relevant).

The fit of the identified net external yaw moment model M, = Ma, L+ M, hov,» against the validation
dataset is given in Figure 3.10. Compared to the estimation fit results, the validation fit in Figure
3.10 is good for the estimated yaw moment model M. Unlike the roll and pitch moments, the yaw
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moment acting on the drone at low speed (V' < 2m/s) is relatively easier to be approximated with
linear-in-parameters models. Also, the yaw motion of the quadrotor is much more steady than the
roll and pitch motions. Therefore, the measurement of yaw moment M, has a good correlation
with the model predictors.
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Figure 3.10: Validation fit results on the measurement M, (black) with identified yaw moment
model M, (red) of NMSE fit 43.30 %.

The estimation and validation fit of the yaw moment model M. can be increased by including
more model predictor terms. However, unlike the aerodynamic force models, the yaw aerodynamic
moment model Ma,z requires more than ten predictor terms for a significant increase in fit. This
is because when more model predictors other than the ones given in (3.52) are included to the
model, they contribute very little to increase the fit on the measurement. The yaw moment model
with more model predictors is detailed in Appendix E. The increase in the model terms will indeed
result in improved estimation fit but due to the increased model complexity, the validation fit will
be much lower than the estimation fit. With the increase of model complexity there will always
be increase in the variance of the parameters for different measurement sets. Therefore, a reduced
validation fit can be expected for the complex yaw moment model with large number of terms.

3.6 Comments on Identified Models

In identification it is a common approach to study the variation in estimated parameters of the
chosen model set by methods such as Monte Carlo simulations. The limited datasets available for
identification makes it difficult to study how the coefficients of the selected model structure changes
for different flight conditions. Fortunately, the recent work of Sun and Visser in [36] has studied
this variation of coefficients in force and moment models with respect to the air speed. It was
determined that angle of attack « and side slip angle 8 are the two deciding factors that influence
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this change, which are given by,

a =arcsin (w/V)

= arcsin (U/\/m) (3.54)

In Figure 3.11a the variation of the horizontal force coefficient Cj, = ,/C2 + C2 with respect to the
advance ratio up = (/p2 + /JJZ in different side slip angle § intervals is illustrated. The expressions

for these dimensionless parameters can be seen in the work of [36].

Similarly, Figure 3.11b shows the variation of pitch moment coefficient C,,, with respect to advance
ratio u = (/2 + “12/ + i with constant range of angle of attack a and different intervals of f3.

(a) Horizontal force coefficient C}, vs advance ratio y,. (b) Pitch moment coefficient C,,, vs advance ratio p.

Figure 3.11: Variation of horizontal force and pitch moment coefficients in different intervals of side
slip angle S [36].

In Figure 3.11a, it is seen that horizontal force coefficient C} remains linear with respect to the
horizontal speed and varies slightly for the three different intervals 5. The work of [36] states that
this is due to the slight quadratic variation of aerodynamic force in y-direction. The large exposed
area of the quadrotor fuselage in y-direction is suspected to be the cause of this quadratic coefficient
behaviour which was mentioned in Section 3.3.

The non-linear behaviour of the pitch moment coefficient C), with respect to the rotor averaged
air speed p is observed in Figure 3.11b. This can be regarded as one of the reasons for the poor
validation fit results of the roll and pitch moment model in Section 3.4.

Figure 3.11 also further affirms the choice of identification using the 3D circular trajectory for the
quadrotor to follow as this reference covers a large range o and . The complex aerodynamic
behaviour modeled using this dataset should be valid for a large flight envelope of the quadrotor.
Similar plots for coefficient variation of thrust and yaw moment can be seen in [36].
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3.7 Concluding Remarks

This chapter is dedicated for the identification of the aerodynamic forces and moments acting
on the quadrotor. The identification involves defining grey-box model structures for capturing
the aerodynamic effects and selecting most appropriate set of model predictors from the structures
based on a model selection algorithm. The Least Angle Regression algorithm with few modifications
is used to select the most suitable model terms for the output model. Model selection plays a
significant role as it does not only select the model terms based on the correlation with output
data. The implemented selection criterion considers choosing the appropriate model terms based
on the terms already existing in the model. The decisive algorithm also determines if the any
term should be dropped out of the model in order to add another more correlated model term.
This approach yields models with least number of terms and also a good estimation fit. Another
important aspect of the identification procedure is tailoring specific flight experiments. In the case
of identification of the hovering thrust model, the quadrotor should hover motionless such that all
the linear and angular velocities become negligible. Similarly for the hovering yaw moment model,
the quadrotor needs to hover and perform yaw motions. For the identification of all the other
aerodynamic effects which are motion dependent, the quadrotor is made to follow a 3D circular
reference trajectory. The models identified with this flight data takes into consideration the complex
interactions of horizontal and vertical motions of the quadrotor. Also, a large range of angle of
attack and side slip angle is covered in the datasets for this maneuver. The identified net external
forces Flyy acting on the quadrotor can hence be represented as the sum of forces acting on the
drone while hovering, given by f and forces that dependent of the motion of quadrotor which is
denoted by Flero. The expression for net external forces Flp = [FM;, Fa,y, Fz]T excluding all the
considered bias terms is given by,

ext f + Faero

0 O01ulu] + Oyw|v| + O3u 'S Q; + Ogu|w| (3.55)
Fe;rt = 0 + é5UwZQi+éGU|U| +(§7UZQ¢+QA8UZQZ‘ .
2 N N N N
HZQi 99(112 +u2) 4+ 010w Qi + 0110 > Q; + 0w D

The above identified model has yielded 12 terms for the total external disturbance forces and the
estimation and validation fit results of each identified force model is given in Table 3.8.

Model | Estimation fit (%) | Validation fit(%)
E, 85.86 70.53
E,. 88.46 80.85
- 82.33 81.9

Table 3.8: Estimation and Validation fit results of all the identified external disturbance force
models

The net external moments Mo, = [M,, My, M])T can also be expressed as the sum of the moments
during hovering, M), and motion dependent disturbance moment (Mae,o) The term M), is
further expressed as the sum of input torques 7 and disturbance moment M, resulting from rotor
inertia, i.e. Mhm, =7+ Md The net external moments Mext can hence be given as,
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Memt =7+ Md + Maer‘o
klV, 0 é1302‘/}o + 9A14w2‘/;, + 0150

Mert = |klVy| + ) ‘0 ) ) + ému + énuz‘/;] + élngVq
dv; Jr(—Ql + Qs — Q3 + Q4) é197‘ 1 éQOu n é21U

(3.56)

In the identified roll and pitch moment models, the validation fit results seemed to be quite un-
satisfactory as the roll and pitch motion moment measurements have small magnitudes and are
unsteady in nature. The external aerodynamic moments are also found to be difficult to capture
with linear-in-parameters models. The yaw moment model however are found to have better val-
idation fit results and also improvement in the fit has also been observed with further increase in
model terms.

The important feature of the identified force and moment models is that when the quadrotor is
hovering with linear and angular velocity equal to zero, the expressions in (3.55) and (3.56) be-
comes Femt = f and Mem = Mhov . The coupling of all the model terms with either the body-fixed
velocity v or the angular velocity w makes this arrangement possible.

The quadrotor system can be then represented with the rigid body dynamics and the identified
aerodynamics (Fegz, Megt) as follows,

p= Rv (3.57a)
FGETO
v =—S(w)r—gRTes + ieg, + — (3.57Db)
' m m
R = RS(w) (3.57¢)
Jo = S(Jw)w + 7 + My + Maero, (3.57d)

using this extended model, the previously used cascaded controller in the work of [33] is re-designed
in Chapter 4.



Chapter 4

Controller Re-design

In this chapter the tracking controller for the quadrotor model with extended dynamics is derived.
The stability of the controller is proved along the same lines as in the work of [33]. In Figure 4.1, the
block diagram of the control structure is presented. As seen in the figure, the reference trajectory
for desired aerodynamic forces given by Fj. 4ero and disturbance moments given by M, 4ero and M, 4
is generated for the updated controller. This additional reference is required so that the identified
disturbance force model Faem and disturbance moment models Maem and Md acting externally on
the quadrotor tracks the disturbance forces and moments of the desired reference trajectory. The
control scheme in Figure 4.1 shows a natural cascaded structure where the dynamics of the position
subsystem is influenced by the output of the attitude subsystem. Considering the cascaded form
and the underactuated characteristics of the system, the desired position dynamics is therefore
attained by generating the new attitude reference R* for the attitude tracking controller.

Figure 4.1: Schematic representation of the tracking controller structure using the extended model
in (3.57).

In Section 4.1, the definitions and convergence results required to derive the almost global stability
of the tracking controller is presented. The tracking problem of the quadrotor is formulated in
Section 4.2 with the desired reference trajectory dynamics. Sections 4.3 and 4.4 presents the re-

38



39 Chapter 4. Controller Re-design

design of the tracking controllers for the position and attitude subsystems. The stability of resulting
cascaded closed-loop system is then analyzed in Section 4.5.

4.1 Preliminaries

This section describes the definitions and stability theorems utilized for re-designing the cascaded
controller.

4.1.1 Saturation Function

The nonlinearity resulting from actuator saturation is one of the most common encountered issues
in feedback problems. For controlling the quadrotor, this input saturation problem is directly
taken into account in the design of the state feedback control law. A saturation vector-function
o(e), o : R™ — R"™ defined for vector e; for i € {1,2,3} satisfies the following condition,

d
el'o(e) >0, Ye#0 and d—U(O) > 0. (4.1)
e
In addition, the saturation vector-function o satisfies the bound, ||o(e)|| < M for all e. For the
controller used in this chapter, a possible candidate that can be used for the saturation vector-

function o(e) is given by,

e
_ 4.
7= iy (+2)
4.1.2 Stability Definitions and Results
Consider a non-autonomous system given by,
= f(t,x) x(to) = mo, (4.3)

where f(t,0) =0, f: Rt x D C R™ — R" is piecewise continuous on R™ x D and locally Lipschitz
in z on RT x D.

To explain the stability definitions for the system in (4.3), following comparison functions are uti-
lized,

Definition 4.1.1 ( [46])

o A continuous function « : [0,a) — [0,00) belongs to class K if it is strictly increasing and
a(0) — 0. In addition, the function belongs to class Koo if @ = 00 and «a(r) — oo as r — oo.

e A continuous function 3 : [0,a) x [0,00) — [0,00) is said to belong to class KL if for each
fixed s, the mapping 3(r, s) is class K and for each fixed r, the mapping £(r, s) is decreasing
with respect to s and S(r,s) — 0 as s — 0.

Following notions of stability are used to prove the robustness of the proposed controller,

Definition 4.1.2 The equilibrium point x = 0 is [46],
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e (locally) uniformly asymptotically stable if and only if there exists a function 5 € KL and a
constant ¢ > 0, independent of ¢y such that,

lz@®)[] < B([|z(to)ll.t —t0) T =10 =0, [lz(to)l] <c (4.4)
o uniformly globally asymptotically stable (UGAS) if the inequality in (4.4) is satisfied for all
x(to).

« uniformly almost globally asymptotically stable (UaGAS) if it is UGAS, except for all initial
conditions in a set of measure zero.

« uniformly locally exponentially stable (ULES)/ uniformly globally exponentially stable (UGES)
if it is (locally) uniformly asymptotically stable/uniformly globally asymptotically stable re-
spectively and (4.4) is satisfied with,

B(r,s) =kre’  k>0,v>0. (4.5)

Theorem 4.1.1 (Nested Matrosov Theorem [47], Theorem 1): Consider the nonautonomous
system,
&= f(t,x) w(to) = o (4.6)

with f(t,0) =0, f: RT x R® — R" locally bounded, continuous and locally uniformly continuous
i t.

Considering there exists j differential functions V; : RT x R® — R bounded in t and continuous
functions Y; : R™ — R for i € {1,2,...7) such that,

o function V1 is positive definite,
o Vi(t,z) <Yi(z) for alli € {1,2,..5),
o Yi(x)=0 forie{l,2,..k—1} implies that Yi(x) <0 for all k € {1,2,...5),
o Yi(x) =0 forallie{1,2,...5} implies that x =0,
then the origin x =0 of (4.6) is uniformly globally asymptotically stable (UGAS).

Theorem 4.1.2 ( [33], Theorem 4):Consider the system,

R =RS(w) (4.7a)
3
Jw=-K,w+ KRZki(ei X RTeZ-), (47b)
=1

in which R€ SO3) ={RecR¥>3|RTR=1,detR=1}, we R3 J=J" >0.

The equilibrium point (I1,0) of (4.7) is uniformly locally exponentially stable (ULES) and uniformly
almost global exponentially stable (UaGAS) if K, = KL > 0, Kp = Klg > 0 and the values of
ki > 0 are chosen distinctly. That is, let the four equilibria of R given by,

E = {I,diag(1,—1,—1),diag(—1,1,—1),diag(—1,—-1,1)} (4.8)
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Then R and w converge to E. and zero, respectively. The undesired equilibria (R,0) of (4.7), where
R € EN\{I} are unstable and the set of all initial conditions converging to the equilibrium (R,0),
where R € E\{I} form a lower dimensional manifold.

Theorem 4.1.3 ( [33], Theorems 5, 6): Consider the system & = f(t,z) with f(t,0) = 0 written
in the following cascaded form,

1 = fit,x1) + g(t, x1, w2) 22 (4.9a)
Eo = fot, x2) (4.9b)

where x1 € R™, 9 € R™, f(t,z1) is continuously differentiable function in (t,xz1) and fo(t, x1),
g(t, 1, 22) are continuous in their arguments and locally Lipschitz in xo and (x1,x2) respectively.
This system is a cascade of the following two subsystems,

21 : jjl = flt,l’l) 22 : i:g = f2<t,$2) (410)

in which the output of subsystem 31 is perturbed by the output of subsystem 3s.

Then,

o if the origin of the subsystems X1 and Y9 are UGAS and solutions of the cascaded system in
(4.9) remain bounded, the origin of the system (4.9) is UGAS. In addition, if the subsystems
Y1 and Xy are ULES, then the system in (4.9) is ULES.

o if the origin of subsystem X is uniformly globally exponentially stable (UGES), the origin
of the subsystem 3o is ULES and UGAS, and

g (t, )] < Fa([l2l]) + ka(llz2]))]|21]],

then the origin of the cascaded system in (4.9) is ULES and UGAS.

4.2 Problem Formulation

The problem of re-designing the tracking controller as already stated in the Chapter 1 is defined
again in this section. For re-designing the controller with the extended quadrotor model, it is
assumed that a feasible reference trajectory given by (pr, Ry, Vp,wy, fr, 7) satisfies the following
dynamics,

pr = Ryvp (4.11a)
E
Up = —=S(wp)vr — gRY e3 + &63 4 =D (4.11b)
' m m
R, = R, S(wy) (4.11c¢)
J, = S(Jwp)wr + 7 + Mr,d + Mr,aem, (4.114d)

in which 0 < fmin < f,.
The error coordinates of the extended quadrotor model defined on SE(3) are given by:
P RZ(ﬂ = pr) R RZR

U= —RTS(wr)ﬁ-I-I/—RTI/T o=w-—R'w,,

(4.12)
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Problem 4.2.1 For (p;, R, vy, wy, fr, 7r) being a given feasible reference trajectory, suitable control
laws need to be determined for:

f:f(p,R,I/,w,pr,Rr,l/r,w,«) >0 (4.13&)
T = T(p, R, V’WapraRermWr‘), (4.13b)

such that the resulting closed-loop system formed by (3.57)(4.11)(4.13), satisfies

lim e(p(t), R(t), o(t),o(t)) = 0, (4.14)

t—o0

in which e(, R, 7,&) = ||]| + || log R|| + ||7|| + ||@||, is the error measure.

4.3 Position Control Re-design

In this section, the position tracking controller for the quadrotor is derived. The quadrotor itself
is an underactuated system and therefore we derive the position tracking controller by working
under the assumption that the body-fixed linear accelerations can be used as virtual inputs. In the
next section, the virtual inputs are realized to actual inputs in the design of the attitude tracking
controller. The position tracking error is expressed in the body-fixed frame of reference which is
given as [33],

pe = R} (pr — p)

ve =v, — RTRy/ (4.15)
The position tracking error dynamics can then be given by,
Pe = =S(wr)pe + ve
Ve = = S(wr)ve + %63 - R;‘-FR£63 + %(F — BT REper), (4.16)

where the term %63 - RZR%eg is assumed to be the virtual input u for stabilizing the position
tracking error dynamics. This is achieved by controlling the thrust magnitude and the attitude.

Assumption 4.3.1 For the control problem, we assume that the identified aerodynamic force model

A

Flaero to be bounded Vt, which is given as,

A

||Faem,max|| = Dmaxa (417)

where Diqy 1S a constant. This assumption is rather conservative and in the future a state depen-
dent bound needs to be implemented for the disturbance forces.

Proposition 4.3.1 Consider the following dynamics,

pe = —S(wr)pe + Ve

A

. 1 Tooa (4.18)
Ve = _S(Wr)ye + E(Fr,aero - Rr RFaero) +u
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in closed-loop with the dynamic state feedback consisting of the saturated PD controller term and
the term for disturbance force compensation, given by,

1. .
u=—0o(kppe + kyye)—E(Fr,mo — R'RF,000) (4.19)

where k, = k;>0, k, = kI'>0. If w,(t) is bounded and continuous, then the origin of the closed
loop system (4.18), (4.19) is UGAS.

Stability proof:
The closed loop system (4.18) and (4.19) can be described as follows:

Pe = *S(Wr)pe + Ve

4.20
Ve = —S(wp)ve — 0(kppe + kuve) (4.20)
Consider the positive definite function defined by:
ko 7
Vl(p& Ve) = Va(kppe + kVVE) + v Ve (4'21)

2

where V(,(k'ppE + kyve) represents the integral of the proposed smooth saturated function which is
positive definite and radially unbounded. The expression for (4.21) can then be written as,

(k Pc"l‘kuVe)
Vi(pe,ve) = /0 ’ o(s)ds + %ueTue (4.22)

Along the solutions of (4.20), we get:

Vi(pe,ve) = a(kppe + kuve) [=kpS(wy) pe + kpve — kyS(wr)ve — kyo(kppe + kuve)]+
+ kvl [=S(wp)ve — o(kppe + kuve)] (4.23)
= _kya(kppe + k;uVe)2 = }fl(pea Ve) <0

in which we have used the property b7 S(w,())b = 0.

Also consider a continuous and bounded function, given by,

VQ(/)67 Ve) = Vgpe (424)

Then, Va(pe, ve) is given by:

Va(pe, ve) = VgVe - pZ[U(klpe + kave)] = Ya(pe, ve) (4.25)

Applying Theorem 4.1.1, the system in (4.20) is UGAS.
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4.4 Attitude Control Re-design

The virtual input u was assumed to be equal to %63 — R;:FR%eg in the previous section. This
resulted in stabilizing the position dynamics with u given in (4.19). In this section, the thrust f
and torque 7 inputs are used to let R Rfes converge to fre3 — mu with u as given in (4.19). To
track a feasible reference trajectory we have the following condition,

0< frm < fr (4.26)

fmin
T
m

To achieve this condition, it has to be guaranteed that ||u|| < . Since the reference aerodynamic
force Fmem is bounded and considering Assumption 4.3.1 we have,
min

lul| < a+ dmae < = (4.27)
m

where d,,q, is a constant that bounds the term H%(ﬁmem — RZRF%TO)H Vvt and « term depends
on the choice of saturation function and gains k, and k,. Since we have control over the value of
a by choosing a proper saturation function and careful tuning of the gains, the condition in (4.27)
can be satisfied and therefore a positive thrust given by f > 0 can be guaranteed.

The next step is to realize the control input for position subsystem into the attitude subsystem by
defining thrust input f and a desired rotation matrix Ry which satisfies the following,

[Rae3 = fres —mu (4.28)

Since under a rotational transformation, the magnitude of a vector remains invariant, the thrust
input f can be defined from (4.28) as follows,

f=lfrez —mul| (4.29)

where wu is given by (4.19) such that f(¢) > 0. Now, the expression for torque input 7 needs to be
determined for achieving the desired attitude. The desired direction of the thrust vector is defined

as,
fres — mu

= fa, (4.30)

Rgey = 12—
9= | fres — mul]

T
where, f; = [ far fao fd3:| which satisfies fg3 > 0. The rotation matrix Ry rotates the desired

thrust vector f; to the reference thrust vector (i.e., e3) within the plane containing both vectors
which can be given by,

J fd / f
d13 1 d;
_“d — fdlfd2 Jd2 f G (S 3 4.31
1+1d3 1+1d3 d2 O( ) ( )

—fa1 fao fa3

where it can be observed that a specific choice of yaw ¢ is made. Similarly, the corresponding
desired angular velocity wg can be given by,

—fdQ + fasfas

1+fd3
wa=| fa — fuis (4.32)
Jasfar+farfaz

1+ fas
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From (4.29) and (4.31), we obtain fre3 — mu = fRge3. Therefore, the initial aim to determine
torque input 7 such that f R R converges to f,.e3 —mu is now substituted by the goal to determine
7 such that R R converge to Ry. Hence, the following error coordinates are considered for attitude
tracking in the body-fixed frame of the quadrotor,

R. = RY(RTR) (4.33a)
we =w — RTR,w, — szd (4.33Db)
The tracking error dynamics can then be defined by,
R. =R.S(w)
Jire =S(Jw)w + 7 4+ My + Macro — JRT Ry TS (Jw)w + 77 + Mg + My gero) (4.34)
+ J(S(we)[w — we] + JRL[S(wq) R w, — @]
The torque input 7 is given by,

3

7T=— Kywe + Kp Z ki(e; x RTe;) — J(S(we)|w — we] — JRT[S(wq) REw, — wy] (4.35)
i=1 :

— S(Jw)w — Mg — Myero — JRT R, T[S (Jw)w + 7 + My g + My aero]
which results in the following closed-loop form,

R, =R.S(w) (4.36a)
3
Jwe = — Kywe + KR Z ki(ei X ReTei) (4.36b)
i=1
for which according to Theorem 4.1.2; the origin (7, 0) is ULES and UGAS for distinct k; > 0 and
K,=K!>0and K=K} > 0.

4.5 Cascade Analysis

In this section, we perform the stability analysis of the closed-loop system. The controller outputs
f and 7 are determined in the previous section for asymptotic convergence of the desired control
action for the position tracking error dynamics. The last step is to analyze the stability of the
closed-loop cascaded system formed with the attitude controller and desired position controller.
The closed-loop dynamics with the extended model can written using the system dynamics in (3.57),
the reference dynamics (4.11) in closed-loop with the stabilizing virtual input u (4.19), thrust f
and (4.29) and torque 7 (4.35). The resulting closed-loop system can be given by,

Pe = — S(wr)pe + Ve (4.37a)

Ve = — S(wy)ve — 0 (kppe + kuve) + %RfR(ReT —I)es (4.37b)

Re =R.S(w) (4.37¢)
3

Jie = — Kywe + Kr Y _ ki(e; x Rle;) (4.37d)

i=1
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Proposition 4.5.1: If the gains k, and k, are properly chosen such that [|u|| < %, where
fmin > () then the origin (pe, Ve, Re,we) of (4.37) is ULES and UaGAS.

Proof:

System (4.37) can be observed as a cascade of subsystem (4.37a), (4.37b) and subsystem (4.37c),
(4.37d).

In Section 4.4, UaGAS of subsystem (4.37c), (4.37d) is proved and therefore we perform the sta-
bility analysis on RS x G, where G C SO(3) x R? represents the almost global region of attraction
of (4.37c), (4.37d).

The solutions of p. and v, is initially proved to be bounded using the following Lyapunov candidate,

k
V = Vo(kppe + kuve) + 5” v, (4.38)

Differentiating (4.38) along the solutions of (4.37), gives,

V< VETERTTR(RZ —Ies < c1V/Vi||Re — 1| (4.39)

in which ¢; represents a constant. Since, the subsystem (4.37c), (4.37d) is ULES we have

VV () =/ V(to) < calto) (4.40)

since V' is found to be bounded along solutions, the solutions of (4.37) is therefore bounded as well
based on the results of Theorem 4.1.3.

Corollary 4.5.1: The reference tracking problem is solved by the controller outputs consisting of
virtual input u (4.19), thrust f (4.29) and torque 7 (4.35).

Proof:

The position tracking errors p. — 0 and v, — 0 and therefore using (4.15) we have p — 0 and
v — 0. Furthermore, since virtual input u — 0, so from (4.30) we get the desired thrust f; — 0
and desired rotation matrix Ry — 0.

We obtain R — 0 from attitude tracking error R, and (4.33a). At last, since @ — 0, the desired
angular velocity wg — 0. Therefore, angular velocity tracking error w, — 0 and using (4.33b) we
get w — 0.

4.6 Concluding Remarks

In this chapter, the previously designed tracking controller is updated for the extended quadro-
tor model. The natural cascaded structure in which the position subsystem is influenced attitude
subsystem is utilized in designing of the position and the attitude controller. The position error
dynamics defined in the tracking reference frame is stabilized using a virtual input. A saturated
PD control action and a disturbance compensation term included in the virtual input ensures that
the position subsystem is uniformly globally asymptotically stable in closed-loop. Lyapunov anal-
ysis along with the Nested Matrosov theorem is utilized in proving the stability of the position
error dynamics. A non-negative bounded thrust is ensured by the assumption that the disturbance
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forces are bounded and careful choice of saturation function. The derived control input for the
position subsystem is realized into the attitude subsystem by defining a new set of attitude error
coordinates. The attitude tracking error dynamics are stabilized in closed-loop by designing the
torque input using Lyapunov theory. Resulting closed-loop torque input makes the attitude subsys-
tem uniformly almost globally asymptotically stable. Lastly, the interconnected closed-loop system
achieves uniform almost global asymptotic stability which is proved by cascade control theory.



Chapter 5

Simulation Study

The re-designed state-feedback controller is implemented in a simulation environment in this chap-
ter. The tracking behaviour of the closed-loop system with a discretized controller needs to an-
alyzed through simulation. In Section 5.1, the tracking results of the identified extended model
are compared with the actual quadrotor behaviour from the experimental results. The tracking
performance of the updated controller from previous chapter is evaluated in Section 5.2 for the
extended model in the simulation environment.

5.1 Validation of Extended Model

The extended model in the simulation environment is implemented with the parameters given in
Table 5.1. The choice of the simulation step size is based on the Parrot AR Drone 2.0 on-board
sensors outputting rate.

Parameter Description Value Unit
m Quadrotor mass 0.414 kg
Sy Moment of inertia around z-axis 0.0022 kgm?
Jy Moment of inertia around y-axis 0.0025 kgm?
J Moment of inertia around z-axis 0.0045 kgm?
Jr Rotor inertia 2.12:1076 | kgm?
T Simulation step size 0.0025 S

Table 5.1: Relevant simulation parameters.

During simulations, it was observed that the inclusion of the identified disturbance moment models
Maem and Md had very little contribution to resemble the actual quadrotor behaviour and for fast
time-varying trajectories, the simulation results diverged further away from the actual quadrotor
behaviour. This can partially be attributed to the data utilized for the identification of roll and
pitch moment models which are not informative enough to capture the true aerodynamic moments.
To improve the moment models, further experiments need to be conducted with steady and high
amplitudes of roll and pitch motions. For simulation purposes, the extended model in this chapter
only accounts for the disturbance force model Faem and the disturbance moment models Maem and
Md are made equal to zero.

48
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The simulation with the extended model is performed with the previously designed non-linear
controller in the work of [33]. The position tracking results are compared with the same controller
gains used for the experiments which are presented in Table 5.2

Parameter | Description | Value
kw Integral gain 0.4
k. Integral gain 1
k, Position gain 3
ky Velocity gain 2
kr Attitude gain 70
ke Attitude gain 30
k1 Attitude gain | 0.9
ka Attitude gain 1
k3 Attitude gain | 1.1

Table 5.2: Controller gains used for experiments and simulation

The quadrotor is made to follow a 3D circular reference trajectory with the extended model and
the rigid body model in the simulation, which is given by,

T
pr(t) = {Cos(att) sin(a;t) 1.5+ sin(att)} (5.1)

where the value of a; is taken as 1 for a fast 3D circular maneuver. The initial conditions used for
the simulation of the extended model and the rigid body model are given by,

[0.06 1 —0.0002 —0.0003
p(to) = |0.65 R(to) = [0.0002 1 —0.0070
0.27 0.0003  0.0070 1
: (5.2)
0.1 -0.5
U(to) = |—-0.8 w(to) = 0.3
0.7 0.1

Figure 5.1 illustrates the position tracking performance of the quadrotor extended model rigid
body model (red), rigid body model (blue) for the given 3D circular reference trajectory (dashed).
Furthermore in Table 5.3, the RMS position error between the two models and the position mea-
surement from the quadrotor experiments are given.

The actual quadrotor position measurements (black) can be compared with both the models from
simulation in the figure. It is observed that the position measurements p of the rigid body model
perfectly tracks given reference position p, in the absence of external disturbances. However, the
position measurement p of the extended model is more close to the actual quadrotor behaviour from
experiments. In Table 5.3, it is observed that RMS position error is significantly less between the
extended model and actual quadrotor than the RMS values for position error between the rigid body
model and actual quadrotor. The extended model estimates the actual quadrotor z-position better
than the rigid body model by almost 70%. In the y and z-direction, the results of the extended
model are closer than the rigid body model to the actual quadrotor position by approximately 55% .
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Figure 5.1: The simulation position measurements p for the extended model (red), rigid body
model (blue) for the reference position p, (dashed). In black, the filtered position measurements
from quadrotor experiments for the same reference trajectory is provided for comparison.

RMS Position Error
Model x-position (m) y-position (m) z-position (m)
Rigid body model 0.52 0.68 0.51
Extended model 0.15 0.28 0.22

Table 5.3: RMS position error between the models (rigid body model and extended model) and
actual quadrotor measurement (shown in Figure 5.1).

The position measurements of the quadrotor is further evaluated for a reference trajectory with
different speeds in = and z-directions using a vertical-eight-figure trajectory, given by,

T
pr(t) = [sin(ant) 0 1+05sin(ant)| (5.3)

where a;; = 1 and a2 = 0.5. The non-linear PID controller gains used for the simulation and the
experiments are the same as given in Table 5.2. The initial conditions given in (5.8) are used again
for the simulations models.

In Figure 5.2, the positions measurements p from simulation of the extended model (red) and rigid
body model (blue) are compared to the experiment results (black) for the same reference position
pr (dashed) of vertical-eight-figure trajectory. In addition, the values of the RMS position error
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in « and z direction between the actual quadrotor and the models are given in Table 5.4. The
rigid body model efficiently tracks the reference position in absence of external disturbances. The
extended model z-direction position measurement closely resembles the actual quadrotor position
measurement from experiments. The z-direction measurement of the extended model from sim-
ulation is not however very close to the the experiment measurement, but the results appear to
be better compared to the rigid body model position data. From the RMS values given in Table
5.4, the results of the extended model appear to be only closer to actual quadrotor position in
2 and z-direction by approximately 16% and 26%, respectively. The improvement in prediction
by the extended model is observed to be less than the previously selected 3D circular trajectory.
This is believed be caused by the reduced aerodynamic effects for the quadrotor following a slower
time-varying trajectory.

Figure 5.2: The simulation position measurements p for the extended model (red), rigid body model
(blue) with vertical-eight-figure reference trajectory of position p, (dashed). In black the actual
quadrotor position measurements from experiments is given for the same reference trajectory.

RMS Position Error
Model z-position (m) z-position (m)
Rigid body model 0.4208 0.2720
Extended model 0.3506 0.1990

Table 5.4: RMS position error between the models (rigid body model and extended model) and
actual quadrotor measurement (shown in Figure 5.2).
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5.2 Re-designed Controller Simulation

The trajectory generation of the extended model is a challenging problem due to the inclusion of
several complex terms. To determine a feasible reference trajectory from the given flat outputs of
desired position (pg) and heading (14), the extended dynamic model of the quadrotor should be
diferentially flat.

Considering the time limitations, the feasible reference trajectory in the simulation environment
is generated by applying an open-loop input thrust f to the extended quadrotor model. For,
zr = 1+ 0.5sin(t), the thrust input applied to the extended quadrotor model is given by,

f=my/(Z +g)% (5.4)

The initial conditions are set to the following values for generating the reference trajectory,

5.6 1 —0.0011 0.0016
p(to) = 3.9 R(tp) = | 0.0011 1 0.0048
4.6 —0.0016 —0.0048 1
) (5.5)
0.1 0
V(to) = |—-0.8 (.u(t()) = |0
0.7 0

It is to be noted that the reference trajectory is generated without considering the disturbance
moments. Consecutively, for the simulation of the updated controller in this chapter, the terms of
disturbance moments Maem and Md and the corresponding reference terms Mr’aem and Mr,d are
taken as zero. This implies that the stabilizing torque input 7 derived in Chapter 4 is simplified to
the following,

3
7T=—Kyw.+ Kp Z Ei(ei x RTe;) — J(S(we)w — we] — JRT[S(wq) REw, — ) (5.6)
i=1 )

- S(Jw)w — JRTR, JL[S(Jw)w + 7]

The neglected disturbance moment terms however does not change the previously proved stability
of the complete closed-loop cascaded system. Figure 5.3 shows the reference position p, obtained
from the simulation which satisfies the extended dynamic model of the quadrotor.

The quadrotor is made to track the obtained feasible reference trajectory using the saturated PD
controller with disturbance compensation designed in Chapter 4. The saturation function in the
controller is chosen as,

kope + K
o (kppe + kuve) = phe T tvie (5.7)

V1 (eope + ke |

where the position gain £, and velocity gain k, used in the simulation are given in Table 5.5 along
with the attitude controller gains.
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Figure 5.3: Reference position p, satisfying the dynamics of the extended model.

Parameter | Description | Value
k, Position gain 3.8
ky Velocity gain 6
kr Attitude gain 70
ke Attitude gain 30
k1 Attitude gain | 0.9
ka Attitude gain 1
ks Attitude gain | 1.1

Table 5.5: Controller gains for the re-designed controller

The initial conditions for the simulation of the extended model with the re-designed controller is
given by,

(4.4 0.9983 0.0204 —0.0544
p(to) = 3.3 R(tp) = |—0.0247 0.9965 —0.0797
3.6 0.0525 0.0809 0.9953
] (5.8)
0.1 0
V(to) = |—-0.8 w(to) = |0
0.7 0

In Figure 5.4, the position measurement of the extended model using the re-designed controller is
presented. The position measurement in blue represents the quadrotor trajectory with no distur-



5.2. Re-designed Controller Simulation 54

bance force compensation term included in the controller. This implies that the term %(Fmem - R?Rﬁaem)
is set to zero in the virtual input u. The position data in red represents the tracking performance

with the disturbance compensation term included. It is clearly seen that addition of the disturbance
compensation term resulted in improved tracking of the reference position p, (in black).

5.5

4.5

z[m]

Figure 5.4: 3D representation for the quadrotor flight trajectory for position reference p, (black).
The trajectory in blue represents the tracking performance with no disturbance compensation and
the red trajectory represents the tracking performance with disturbance compensation.

The position error of the controller with and without compensation for external disturbance is
shown in Figure 5.5. In the figure it is observed that with zero disturbance compensation there
exists a constant error (in blue) from the given reference trajectory. The position error (in red)
converges close to zero with the re-designed controller including external aerodynamic force com-
pensation.

It can be recalled that the attitude error in the previous chapter is defined by R, = Rg(RTTR),
which asymptotically converges to I. Here, the distance of R, to [ is represented by the following
natural Riemannian metric, given by,

d(R; R, Rq) = ||log(R.)]| (5.9)

This metric restricts the values in the range of [0, 7). The attitude error with and without external
disturbance compensation is given in Figure 5.6 which is given by |log(Re)|. It can be seen that for
desired reference Ry with and without the disturbance compensation, the attitude error ( in red)
converges to zero which represents the convergence of the term RI R to Ry.
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Figure 5.6: Attitude error representing R! R converging to R, using the natural Riemannian metric.
The attitude error with and without external disturbance compensation are given in red and blue,
respectively.
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5.3 Concluding Remarks

This chapter studies the performance of the re-designed controller for the extended model in a
simulation environment. Initially, the behaviour of the extended model in simulation is compared
to the experimental results of the quadrotor. The reference trajectories used for simulation and
experiment include a fast time varying 3D circular trajectory and a vertical-eight-figure trajectory.
It was observed that the position measurements of the extended model closely resemble the actual
position of quadrotor using the previously designed controller. The identified moment model seemed
to perform poorly and was therefore neglected from the simulation model and also the updated
controller. The tracking performance of the re-designed controller is determined for the extended
model with particular choice of control gains and initial conditions. The complexity of the extended
model makes trajectory generation more complicated and therefore for present simulation needs,
the trajectory is generated in the simulation environment with an open loop input thrust. It
was observed that the disturbance compensation term in the controller enables the quadrotor in
simulation to track the feasible reference trajectory with sufficient accuracy. With the exclusion
of the disturbance force compensation term, the quadrotor maintained some offset from the given
reference.



Chapter 6

Conclusions and Recommendations

The thesis report has addressed the problem of tracking control of quadrotor subjected to external
disturbances. Models capable of capturing most of the actual dynamic behaviour of the quadrotor
system are significant for the design of autonomous tracking controllers. An extended model is
determined in this project using techniques from data-driven modeling. The resulting extended
model is incorporated into the previous design of a nonlinear controller for improving the tracking
of fast time-varying trajectories.

6.1 Conclusions

The results from the thesis report are discussed based on the research conducted for model iden-
tification and control design. The simulations conducted based on the final results are also briefly
mentioned.

Model Identification and Control

The identification procedure starts from gathering the relevant data from the available data acqui-
sition system. For identifying the disturbance model, information on quadrotor rotor speed and
body-fixed linear velocities are not directly obtained. The rotation speed of the rotors is deter-
mined from the inputs applied to the quadrotor. Quadrotor body-fixed velocity is obtained using
the external camera outputs and an almost globally stable attitude observer. Derivatives of position
estimates from the camera and the reconstructed attitude are used to get the quadrotor velocity
estimate in body-fixed frame.

The second step of identification involves defining grey-box model structures for the disturbance
forces and moments acting externally on the quadrotor. A lumped parameter model is formed
based on the existing theoretical models on aerodynamics. In data-driven modeling, it is crucial to
consider only the most relevant model terms using methods like model selection. A modified version
of the Least Angle Regression Algorithm is used to select the suitable set of model predictor terms
for the disturbance model. Outputs of the Inertial Measurement Unit from tailored experiments
are used to retrieve the measurements on disturbance forces and moments.

The identified disturbance model is incorporated into the previous design of the cascaded controller

with a few modifications. The position and velocity tracking errors are defined in a fixed reference
frame of the quadrotor for the trajectory control problem. For position control, the stabilizing

o7
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virtual input consists of a saturated PD control action and another term for compensation of the
external disturbance forces. A non-negative thrust is then ensured by assuming the disturbance
force to be bounded and by taking a suitable saturation function. The bounded input for position
control is realized into the attitude controller by defining a rotation matrix in the desired reference
frame. The attitude error dynamics are correspondingly defined for stabilizing the position and
attitude subsystem in closed-loop by determining a proper torque input. Lyapunov stability the-
ory is used to determine the inputs which make the closed-loop position subsystem and attitude
subsystem uniformly globally asymptotically stable and uniformly almost globally asymptotically
stable, respectively. The stability of the complete cascaded closed-loop system is finally proved
using cascade control theory.

Simulation

A comparison of the position measurements from the extended model in simulation was made with
the previously conducted quadrotor experiments. The identified disturbance moment model was
neglected from the simulation model and the controller, as it generated undesired results caused
by poor identification data. For different fast time-varying trajectories it was observed that the
position results of the extended model closely resembled the results of the actual quadrotor system.
The re-designed controller is implemented in the simulation environment for a feasible reference
trajectory generated by applying an open loop thrust. Position measurements of the simulation
model in closed-loop show that the drone is capable of tracking the given trajectory with sufficient
accuracy. The previously incorporated integral action is no longer required in the controller since
it already takes into consideration most of the external disturbances acting on the drone.

6.2 Recommendations

This section covers the recommendations for future work and practical implementation in the
following points,

e The proposed attitude observer can be used for real time applications by implementing the
quaternion version of the kinematic observer using first order Euler integration. By carefully
choosing the gains and the initial conditions, stable unbiased attitude responses can be ob-
tained.

o For the identification the quadrotor rotor speed was obtained using PWM motor inputs. A
much more accurate method would be to determine the rotor speed by identification of a mo-
tor model. A first order system with non-linear parameters can be determined with input as
applied voltage and the rotor rotation speed as output. The model parameter estimates can
then be obtained using optimization methods such as nonlinear least squares. Experiments
can be performed to manually measure the rotor rotation speed while the quadrotor is fixed
to the ground and the applied voltage data is available from the on-board sensors.

e The identified moment models preformed poorly due to lack of good experimental data for
parameter estimation. For proper identification of moment models, experiments need to be
conducted such that the quadrotor performs steady and high magnitude angular maneuvers.
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e In the re-design of the controller, the disturbance forces were assumed to be bounded by a

constant to ensure a non-negative and bounded control thrust. This assumption is rather
conservative and in the future a state dependent bound needs to established for the stability
derivation of the controller. For example, the dissipativity property of drag forces suggest
that the intensity of the quadrotor drag forces cannot be larger than the velocity vector of
the vehicle.

The trajectory generation of the extended model is a difficult problem due to the presence of
several complex terms in the quadrotor dynamics. Methods from differential flatness theory
such as feedback linearization could be implemented to determine the reference states and
inputs from desired position and heading angle.

The practical implementation of the re-designed controller is hindered by the time limitations
of the project and also the lack of a velocity observer. The problem of determining the
quadrotor body-velocity can be addressed by either updating the previously proposed velocity
error observer with the identified disturbance forces or building a new velocity observer which
takes into consideration all the external forces acting on the drone.
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Appendix A

Attitude Observer Simulation

The performance of the proposed explicit complementary filter with bias correction is evaluated in
this appendix for the data obtained from quadrotor experiments. Following initial conditions are
chosen for the almost globally stable attitude observer,

R(to) =1 b(to) =[0,0,0]T o,(to) = [0.09,0.005,0.996] (A1)

The gains are selected as, kp = 1 rad.s™" and k;y = 0.3 - 107% rad.s™!. Figure A.1 shows the
roll, pitch and yaw angles from open loop integration of gyro outputs (dashed in blue) and the
reconstructed R of the observer (red).

Figure A.1: Attitude estimates from open loop integration of gyro outputs (dashed in blue) and
explicit complementary filter with bias correction (in red) .
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In Figure A.1, it can be observed that the open-loop integrated attitude has the presence of a time

varying bias. The explicit complementary filter has generated unbiased estimates of the quadrotor
attitude for specific choice of gains.

The error measure F,,.s of the filter is expressed as:

Epes =1 — (v4,0,) =1 — tr(vz@a) (A.2)

Figure A.2 shows the error measure obtained for the observer implemented on the flight data from
experiments.
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Figure A.2: Error measure F,,¢s for explicit complementary filter with bias correction.

It is observed in Figure A.2 has a constant offset of around 0.2 from zero, this is caused by the
presence of noise in the normalized accelerometer measurements.



Appendix B

Differentiation Filter

The working of the Savitzky Golay filter is briefly explained here which is used for smoothing po-
sition data and for computing the numerical derivatives as mentioned in 2.2. The filter basically
replaces each value of the data point with the value of a chosen fitted polynomial (using least-
squares). The procedure involves finding the coefficients of the chosen polynomial which are linear
to the data values. This is implemented by computing coefficients of fictitious data and applying
filter over all the data points.

Assuming the size of the smoothing window is N x N where N is odd, and order of polynomial
used for fitting is k, where N > k + 1. The smoothing causal filter is usually expressed as [48],

n n
Goy = > > Cijfotiy+i (B.1)

Jj=—ni=-n

where C' is the convolution matrix and f,, is the real data and n = % Suppose we have to fit a
polynomial of the following type to the data,

F@i, i) = aoo + a10%; + any; + az02? + anziy; + aoeyl + ... + aokyl (B.2)
Using least-squares the vector of coefficients a = [ago, aoi, alo...aOk]T can be computed. For the
general equation given by,
Aa=f (B.3)
the vector a is computed by,
a= (AT A7t (ATf) (B.4)

Since least-squares fitting is linear to the values of the data, the coefficients can be computed
despite of the actual data. This is achieved by replacing f in (B.4) by a unit vector. Thus the
coefficient matrix C' becomes, C = (AT A)~1(AT). C can be set back to the traditional looking
filter of size N x N. The first coefficient is used to smooth the data and the higher order coefficients
are implemented to compute numerical derivatives. It is to be noted that the above expressions are
used for filtering of images consisting of both x and y data points together.
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Appendix C

Hovering Thrust model

The estimate of the hovering parameter & is estimated in Section 3.2 using eight different hovering
flight experiments. Here in this appendix, the estimate of x is presented for each of the eight flight
experiments (with different dataset length) in Table C.1.

Eiiﬁiimen‘c No. Length of Dataset | Value of k

1 19160 6.861-10706
2 10070 6.824-10706
3 18812 6.732-:10706
4 4550 6.984-10706
5 15993 6.993-10706
6 14096 6.854-10706
7 19352 6.880-10706
8 19291 6.833-10706

Table C.1: Estimate of k from each hovering experiment

It is seen in Table C.1 that the k estimate differs for each hovering experiment. This is very much
expected since during experiments the drone did not hover completely motionless at a stationary
point.

In some of the experiments the drone was slowly moving in the z-y plane and in other experiments
the drone was slowly moving up and down in the vertical direction. These variations does influence
the estimate of parameter x which can seen from the expressing for thrust model given in Section
3.2.
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Appendix D

RLS Algorithm

The hovering thrust parameter x from Section 3.2 is estimated from the Recursive least square
algorithm explain in this Appendix.

For model y = ax with the response variable data y* = ax + €, the least square estimate of a for
ith data point (y;, ;) is given by:

k
min Z(yf — ax;)? (D.1)
¢ =t

The solution for the minimum (least squares) estimate is given by (non-sequential):

k k
ar = O af) " O mii) (D.2)
i—1 i—1
NN
Pk b
where pr and by are functions of number of samples.

The sequential form of (D.2) for new data point z; and y; is given by:

k
1 2 1 2
Pyl =D i = ppty R

izl (D.3)

be =Y @iy = bp—1 + Ty

i=1

The recursive form for parameter estimation is hence given by [50]:

ay = ap—1 — Ky (xrpar—1 — yx)
—_———

estimation error

(D.4)
where, Kj, = Ph—1k
(14 pr—17})
The update for py is given by:
P17}
Pk = Pk—-1 — 5 D.5
(1+ pr—127) (05)



Appendix E

Further Extended:Yaw Moment

Model

In Section 3.5, the model selected for aerodynamic yaw moment model Ma,z had limited number
of terms which resulted in low estimation and validation fit results of the estimated model. Here,
the fit of the net external yaw moment model M, is further improved by including a large number
of predictors to the aerodynamic yaw moment model Ma,z- The output model is selected based
on the work of [31] and [36] which takes into consideration the complex aerodynamic interactions
using higher order terms composed of the variables u, v, w, V;., > €);, given by,

Ma,z :é24 + é25u + éQGU + §27u3% + é281)2vr + éggu Z Q; + é30u’UV;~ (E 1)
+ §31uU2 + égzu’U + é33’U Z Q; + é34uw2 + é35uvw2 .

The estimated value of the parameters in (E.1) is given in Table E.1. The estimation fit for the
extended model is about 75.57% with the inclusion of 12 terms which also has the bias term.

glr(:cil(iaflztor Parameter (6) 5Z§Ezlated Units
wvw? O35 2.58 1073 Nm3s?
uw? O34 —6.67-1073 Nm~2g3
v Q; [ —1.45-107° Nrad—1s?
w 035 2.28 1073 Nm g2
uvVy 00 —3.13-107% | N(m-rad?)~!s?
uSQ; [ —6.02-1076 Nrad—'s?
V2V, [ 2.12-107% | N(m-rad?)~'s?
WV, Oy7 —3.82-107% | N(m-rad) 2
v [ 2.17 102 Ns
u 0, 1.02 - 102 Ns
1 Oy —3.84-104 -
NMSE fit 75.57 %

Table E.1: Estimated parameters for further extended moment model Ma, o

The validation fit of the extended yaw moment model M L, = J\Zfavz + Mhov,z is given in Figure E.1.
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Figure E.1: Validation fit results on the measurement M, (black) with identified extended yaw
moment model M, (red) of NMSE fit 63.47 %.

Vaidation fit of 63.47% of the new moment model M, is lower than the estimation fit by about
12% which is expected since the number of terms have been increased significantly.



