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Improving the Performance of INDI Flight Control for a
Quadrotor in the Ceiling Effect

Max Kemmeren
Delft University of Technology, 2629 HS, the Netherlands

ABSTRACT

As the application areas of Unmanned Aerial
Vehicles (UAVs) keep expanding, new flight
areas are encountered more often. Small
UAVs, named Micro Air Vehicles (MAVs),
even fly in areas like sewage pipes. These
areas introduce new difficulties such as aero-
dynamic effects caused by the ground and/or
ceiling. In this paper two main contributions
are presented that deal with the aerodynamic
effects caused by the ceiling: 1) an adaptive
model describing the ceiling effect using on-
board measurements, which can be altered to
describe other aerodynamic effects that oc-
cur when flying in constrained spaces, 2) in-
corporating the adaptive model into an Incre-
mental Nonlinear Dynamic Inversion (INDI)
controller. The controller is implemented and
tested onto a MAV (Crazyflie). The results
have shown stability improvements for close
ceiling flight. Moreover the minimal distance
the MAV can fly from the ceiling is decreased
using the new controller.

1 INTRODUCTION

Within every sector technology advances with time. This is
no different for the industry of Unmanned Aerial Vehicles
(UAVs). In the year 2014 there was already an expenditure of
700 million dollar on commercial UAVs. The applications for
those UAV range from photography and wild life counting, up
to surveillance and inspections [1]. Miniaturization and au-
tomation of UAVs played a major role in recent years making
the UAV smaller and smaller, obtaining the name Micro Air
Vehicles (MAVs), which expands the application field. Flying
indoors is such an application. Sampedro et al., who devel-
oped a MAV to carry out search and rescue operations [2], is
one example. Another example is the Airburr drone by Briod
et al. [3], also a search and rescue drone which is designed for
robustness and is capable of dealing with collisions. Still, the
areas explored by those MAVs are relatively large compared
to size of the MAV. Smaller areas are also already being ex-
plored already, such as sewage pipes, inspected with a caged
drone developed by the company Flyability'.

These smaller areas introduce new challenges related to the

"https://www.flyability.com/

airflow and behavior of the MAV. Different aerodynamic ef-
fects come into play when flying close to walls, ground and/or
ceiling. Several solutions to deal with those effects already
exist. A solution for dealing with the ceiling effect was intro-
duced by Jimenez et al. [4], who developed a nonlinear Lya-
punov controller incorporating a ceiling effect model. This
makes it possible to fly close to the underside of a bridge deck
for inspection purposes. Other work from Wei et al. enhanced
a PID controller with a model reference controller, this time
incorporating a model from the ground effect [5] to fly more
stable in ground effect. Both solutions incorporate an effect
specific model, which makes it more difficult to also include
other aerodynamic effects.

The most used controller type nowadays within MAVs is the
Proportional Integral Derivative (PID) controller, but it has
difficulty handling highly nonlinear systems and large distur-
bances [6, 7]. Recently, a new controller was introduced into
the MAV industry: the Incremental Nonlinear Dynamic In-
version (INDI) controller. This controller essentially takes
over the role of the integral term in the PID and has proven to
deal with nonlinearities, disturbances and model uncertainties
rather well [8]. Combining the disturbance rejection prop-
erties of the INDI controller with the knowledge from the
aerodynamic effects led to this work. In this paper two main
contributions are presented: 1) an adaptive model describ-
ing the ceiling effect using onboard measurements, which
can be altered to describe other aerodynamic effects that oc-
cur when flying in constrained spaces, 2) incorporating the
adaptive model into the INDI controller. These contributions
are implemented and demonstrated on a Crazyflie quadcopter.
This is a commercially available quadcopter by the company
Bitcraze?, for which the firmware is publicly available on
Github?.

The outline of this paper is as follows: First the ceiling ef-
fect is discussed in section 2. Secondly, section 3 deals
with the derivation of the altered INDI controller. Then sec-
tion 4 explains the RBF function and parameter estimation
method. Section 5 discusses the implementation of the INDI
controller onto the Crazyflie system and explains the experi-
mental setup. Lastly, section 6 elaborates on the results from
the conducted flight experiments.

https://www.bitcraze.io/
3https://github.com/bitcraze



2 CEILING EFFECT

The ceiling effect is a lesser known phenomenon within the
aircraft industry due to aircraft normally flying in open air
without any constraints above. For MAVs this might not be
the case, as they can be deployed inside a confined area. As
with a ground plane causing an increase in lift for a propeller
and or wing, the ceiling has a similar effect. By obstructing
the flow, the induced velocity created by the rotor disk de-
creases, which relates to an increase in generated thrust [9].
Opposite to the ground effect, which creates an air cushion
between the MAV and the ground plane, the ceiling effects
causes the MAV to be attracted towards the ceiling, which
may lead to a collision.

The ceiling effect is based on the same physical principle as
the ground effect. This lead to several researchers investigat-
ing if the ground effect models can be used to model the ceil-
ing effect. One of those models is shown in Equation 1 [10].
This relationship shows the ratio of generated thrust close to
ground T, over free air thrust T, with rotor radius R and
distance from the ground z,.

T, 1 .
K = @ with z;, > 0.25R €))

Results for the experiment conducted by Conyers et al. [9] are
shown in Figure 1 and Figure 2. These results show that the
ceiling effect matches Equation 1 quite well, for both the sin-
gle propeller and multi propeller case. It can be noticed that
the ceiling effect starts to rise at a closer distance towards the
surface compared to the ground effect model for both the sin-
gle and multi-propeller case. However, the drawback of the
relationship in Equation 1 is the singularity when reaching a
distance of a quarter rotor radius. This singularity was tack-
led by He et al. [11] who created an relationship without this
singularity as shown in Equation 2.

T

Once more the thrust ratio is expressed in this exponential
expression, where C, and Cj, are model parameters that must
be determined via experimental flight measurements. This
expression will be used during the development of the new
INDI controller. Not having a singularity is an advantage
due to not having to deal with parameters going to infinity
when modeling the aerodynamic effect. Even though Equa-
tion 2 was developed for describing the ground effect this is
not deemed as a problem. This paper is aimed at developing
an adaptive model for the ceiling effect, the theoretical model
will only be used during development, and for comparison
with the adaptive model in the experiments.
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Figure 1: Ceiling effect for single propeller at different RPM,
compared to the theory model in Equation 1 [9].
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Figure 2: Ceiling effect for quadcopter configuration at dif-
ferent RPM, compared to the theory model in Equation 1 [9].

Besides an increase in induced velocity, Sanchez et al. [12]
also observed another phenomenon when flying close to the
ceiling. The ceiling effect causes the RPM of the rotors to
increase when providing constant power to the motors. This
effect leads to an increment in generated thrust.

The ceiling effect is shown to be similar to the ground effect
but has some key differences that should be noted and consid-
ered within the controller design. First of all, the ceiling ef-
fect starts to occur closer to the ceiling plane than the ground
effect. Secondly, the effect is not only due to an increase in
induced velocity but also affects the rotor RPM.

3 INDI

The controller that will be used for the ceiling effect compen-
sation will be discussed in this section. First of all, a coordi-
nate system is defined, after which the inner attitude control
loop and outer position control loop are derived.

3.1 Coordinate System

For the derivation of the controller a coordinate system was
defined. Both the world (O) and body fixed (B) coordinate
systems are North East Down (NED). To transform between
the two coordinate systems an Euler angle transformation is
used. The coordinate systems are shown in Figure 3.
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Figure 3: Coordinate system [13].

3.2 Inner Attitude Control Loop

To start, the inner attitude loop is derived, which is based on
the angular momentum equation shown in Equation 3 [14].
This equation is set in body coordinates, with the vehicle iner-
tia I,,, body angular velocity and acceleration €2, 2 and total
moment M.

IA+QxI,Q=M 3)

The total moment consists of the moment generated by the
thrust force offset from the center of gravity (M), the
counter moment due to the spinning of the rotors (M) and
the aerodynamic moment (M ,, which depends on the body
rate €2 and the MAVs velocity vector v). Therefore the total
moment is equal to:

M=M,+M,- M,

First the moment generated by the rotors due to rotation, gy-
roscopic moment, is further elaborated on. It is assumed that
the rotors are flat in the z-axis, resulting in I, I,,,. = 0. The
gyroscopic moment is shown in Equation 4, where the rotor
rotational speed is indicated by w, the rotor inertia by I,. and

i indicates the rotor number (quadcopter has four rotors).
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For the implementation on the crazyflie platform, discussed in
section 5 the formula is altered. It is assumed that the second
term of Equation 4 is negligible compared to all other gen-
erated moments [8]. The motor mixing (transforming con-
troller commands into motor commands) is done outside the

control loop. This means that the control loop needs to pro-
vide roll, pitch and yaw rate commands. These commands
however need to be provided in motor units (subscript m),
explained in section 5. Rewriting Equation 4 considering the
stated assumption and unit conversion, translates into Equa-
tion 5, where G5 is the rotor control effectiveness matrix (a
matrix that transforms the motor command in each axis to the
actual moment).

00 0] [pm _
M, =0 0 0] |dn| =Gl )
0 0 Gif [im

The thrust force moment also generated by the propellers, due
to an offset from the center of gravity, can be written as Equa-
tion 6. The thrust force is assumed to rise quadratically with
the motor rotational speed. k; and ko are the force and mo-
ment constant of the rotors, which are geometry dependent.
b, [ are defined in Figure 3, which are the moment arms.

7bk1 bk’l bkl *bkl
M,= | lky Ik —lky —lky|*w;>  (6)
ky —ky ks  —ky

As with the gyroscopic moment, Equation 6 is also altered
for implementation. Once more the motor mapping is done
after the control loop, thus the moment will be expressed by a
control effectiveness matrix (G1) multiplied by the body rate
motor commands €2,,,. This is shown in Equation 7.

G, 0 0 DPm
Mc = 0 Gq 0 qdm | = Gl Qm (7)
0 0 G’r Tm
Using all the information from the expanded moments, Equa-

tion 3 can be extended to Equation 8. Subscript v indicates
the vehicle, and symbol v the vehicles velocity vector.

Q=—TI'(QxI,9) +I,'M,(Q,v)

) 8
+ I, M () — 1, M () ®

By grouping terms, Equation 8 can be written as Equation 9.

Q = F(Q, ’U) + GIQ'm + TS_IGQQ’HL (9)

For which:

F(Q,v)=1,'(M,—-QxI1,Q)

The T, ! term accompanying G5 is added to ease future cal-
culations. To derive the INDI controller a first order Taylor



expansion is applied to Equation 9, which results in Equa-
tion 10.

. . 1)
Q= Qo + ﬁF(Q, Vo) |a=0, (2 — Qo)

1)
+ %F(QO’ V) o=, (v — Vo)

(10)
+ mGl(Qm = Q)
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+ ——G2(y, — Dy,
5Qm 2( ))

The derivative to body rate (£2) and body velocity (v) will
be neglected, as those terms will be much smaller than the
motor related terms (£2,,, and Qm). This can be done based
off the principle of time separation [15], which is based on
the assumption that the actuators are sufficiently fast and thus
have more effect than the change in aerodynamic and pre-
cession moments. Isolating the change in motor command
Q,, = Q,, — Qy,, leads to Equation 11.

ﬁm:Gl_l((Q—QQ)+G2(Qm_Qm0)) an

As the derivative of the motor command (Qm) cannot be
measured directly, the following substitution is made: Q,, =
(Q, — Q27 1)TL. This is a first order discrete filter which
can later be implemented on the system. A discrete filter has
been chosen because computers work in the discrete time do-
main (z is the discrete time parameter). Substituting this filter
in Equation 11 leads to Equation 12.

Qo = (G1+G2) (g — Qp) + G227 (e — Qi) (12)

Lastly €2 is substituted by v¢,, which is called the virtual in-
put and will be the input provided by a PD controller. To
obtain the angular acceleration the gyroscope measurements
need to be differentiated. As differentiation amplifies noise,
the already noisy gyroscope measurements are filtered to re-
duce this (indicated by subscript f). This second order filter
will introduce a delay into that signal. Within the Taylor ex-
pansion all signals need to be from the same point in time, to
make all signals synchronous other measurements are filtered
equally.

The inner loop control structure is shown in Figure 4. The
motor dynamics A(z) has been determined by E. Volodscoi
[13]. The INDI controller linearizes the system, and makes it
possible to use a standard cascaded PD control loop to gener-
ate the virtual input using attitude measurements. The control
loop for the virtual input is shown in Figure 5.

3.3 Outer Position Control Loop

To be able to compensate for the ceiling effect the position
INDI control loop is altered, for which the original can be
found in the work of Smeur et al. [8]. It all starts from the
Euler acceleration equation in world frame, which is shown
in Equation 13 [14]. With gravitational constant g, mass m,
thrust 7'y in world frame (depending on the attitude 77), the
aerodynamic forces T" 4 dependent on body velocity v and
wind vector x, and the Radial Basis Function (RBF) model
that will be used to describe the ceiling effect ratio (similar
to the output of Equation 2). The RBF function will approx-
imate the ratio of extra thrust generated by the ceiling at a
certain distance and will thus be multiplied by the generated
thrust to get the actual thrust. The developed RBF function
structure will be further elaborated on in subsection 5.2.

v 1
€:g+a(TN(777T)'RBF+TA(UaX)) (13)

7
RBF = w; + Zwie*‘“(z“*ci)z
i=2
As the thrust is generated along the negative body z axis it
needs to be rotated from the body fixed coordinate system
to the world fixed coordinate system, using Equation 14 in
which ¢, 8, ¢ are the Euler angles in respective rotation order.

TN :gR*TB

cOcyp  cpshsp — spehp  cpsbep + shsd 0
= |clsp  ssOsp + cpecp  ssbcdp — cpsp 0
—s6 cOsp cOce —Tp (14)
~Tp(cpshes + ssg)
= | ~Tp(stsbed — ciysg)
—Tp(clco)

As within the attitude loop derivation, a first order Taylor ex-
pansion is applied to Equation 13, resulting in Equation 15.
The aerodynamic force and its derivatives are omitted from
the equation for the following reasons. First of all, for the
derivatives with respect to v and x there are no good esti-
mates available, with wind being unpredictable and thus the
best estimate of change is assumed to be zero. Secondly,
no aerodynamic model is employed. This however does not
mean that the aerodynamic forces are completely omitted as
they are measured within the acceleration term é'o [8]. More-
over it is assumed that the change in yaw angle (¢)) is small
and thus the derivative is neglected.

0 1

E=€+ %ETN(/’?O7TBO)RBF|¢:¢O(¢ — ¢o)
6 1
+ %—TN (M9, T'Bo)RBF|o=0, (0 — 6o)
51 )
+ 57 m I (M0, T)RBF |15 =13, (T — Tho)

6 1
+ EETN (Mo, TBO)RBF‘ZC:ZCO (2e = 2e0)
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Figure 5: INDI attitude virtual input PD loop.

Applying the derivatives and grouping the terms leads to
Equation 16

€ = 50 + EG4(7’07TB07’ZCO)(U - uO)

: (16)
+ E‘H(n07 TBov ZO)(ZC - Zco)
Gy ("7» T, Zc) =
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—clso —sfcop cpch 0

=2
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H(n,Tp,zc) = |sypsbcd — cpse
coch

Next up the controller input is isolated, namely the roll, pitch
and thrust increment @ = w — wg. This leads to Equation 17.
As with the gyroscope the accelerometer measurements are
noisy and need filtering. Once more to account for the delay
all other signals will be filtered with the same filter such that
they are synchronous, indicated with subscript f. At last the
wanted acceleration é"o is substituted with the virtual input
symbol v.

{I’C :mGll(n‘ﬂTBf?ZCf)((Vé' - é.f)
1 17)
- EH(nfaTBf)ZCf)(zc - ZCf))

-TB-Z —Qai(zc—ci)wiefai(’z“fc”z

The adapted position control loop can be seen in Figure 6,
with once more a PD controller generating the virtual input
shown in Figure 7. When comparing this newly derived INDI
loop to the original INDI two main differences arise. The
first difference is the extra term in the control effectiveness
matrix G4, namely the RBF function approximating the ex-
tra thrust caused by the ceiling effect. This term is always
larger than one by definition and thus taking the inverse de-
creases the final calculated increment, so compensating for
the ceiling effect. The second difference is the extra term H.
This term will be negative when going closer to the ceiling as
the RBF derivative has a negative slope and the displacement
(2c — 2, ) will also be negative, once more decreasing the in-
crement. These two extra terms compensate for the increase
in thrust caused by the lower induced velocity and the gain
in rotor rotational speed for constant motor power (ceiling ef-
fect). The gain K is elaborated on in section 5.

4 PARAMETER ESTIMATION MODEL

During the controller derivation in subsection 3.3, a RBF
model was introduced for modeling the ceiling effect. This
section discusses the concept of the RBF function and how
the model parameters are estimated.

The ceiling effect is dependent on the geometry. To have
a ceiling effect approximation model estimated via onboard
measurements makes it adaptable to different types of MAV,
as long as the required measurements are available. One
method for function approximation is making use of the RBF.
This function can be described by Equation 18 and has a bell
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shaped curve.

Flze) = wem o) (18)

Within the function there are several tuning parameters to
change the shape of the bell curve. The weight term w
changes the height of the curve, a is for adjusting the width
and lastly, c is the placement of the maximum of the bell
curve along the horizontal axis. For function approximation
a sum of multiple RBF functions may be used as will be seen
in subsection 5.2. To simplify the parameter estimation the
width and centers of the RBF functions are assumed to be
fixed, leaving only the weight term as a variable.

For parameter fitting of the RBF function, Recursive least
Squares (RLS) with a forgetting factor (A) will be used [16].
This method only uses the latest measurements to change the
fit, thus having a low computational expense (small regres-
sion matrix). The algorithm first calculates a Kalman gain
according to Equation 19.

T T —1
KkH:Pk-ak+1(ak+1'Pk~ak+l+)\) (19)
The regression matrix a(z.) is a row vector with the number

of entries (p(z.)) equal to the number of model parameters
that need to be estimated.

a(zc) = [1 pl(zc) pM(Zc)}

A is the forgetting factor (0 < A < 1), which influences the
adaptability of the fit to new incoming data. New data has the
most influence on the fit as A approaches one. Then Equa-
tion 20 is used to calculate the model parameters 6. y(ze) is
the measurement that will be estimated by the fitting function

(y(zc) = a(zc)é)

011 =01, + Ki1(yki1 — ari10y) (20)

When the new model parameters are determined, the covari-
ance matrix is updated with Equation 21. The diagonal co-
variance matrix P indicates how likely a model parameter
will change when new data comes in. The smaller this value,
the smaller the change is expected to be.

P11 =Py — Ky agyr- Py (21)

5 IMPLEMENTATION AND EXPERIMENTAL SETUP

The controller was implemented on the Crazyflie. As the
MAV has certain specifications and ways of dealing with dif-
ferent internal parameters, this section discusses the adapta-
tions made for the controller to fit the system. Moreover the
RBF final form is discussed, together with the needed mea-
surements for the parameter estimation. At last the experi-
mental setup is discussed.

5.1 MAV System and Implementation

To be able to perform tests, a fitting experimental platform
needed to be selected, having all the necessary measure-



ment capabilities. The MAV onto which the newly devel-
oped INDI controller was implemented is the Crazyflie 2.1
from Bitcraze®*, which is also shown in Figure 3. This small
modular MAV is lightweight (32 grams) and has interchange-
able sensor modules. The INDI controller needs distance
measurements towards the ceiling, for which the multiranger
module was installed. This deck adds 5 time of flight (ToF)
sensors, one for each horizontal direction and one towards the
ceiling. Moreover the flowdeck v2.0 was used for relative po-
sitioning such that flight tests could be performed. This deck
uses an optical flow sensor towards the floor which is able
to estimate displacement, as well as a ToF sensor downwards
for height measurements.

During the derivation in section 3 it was already stated that
the INDI controller was altered to be compatible with the
Crazyflie platform. The original INDI loops have been im-
plemented by E. Volodscoi [13]. To be certain that the imple-
mentation was correct the code was validated and the control
effectiveness of the inner loop was determined once more.
This was done using the SD deck module. This deck could
log the needed parameters with the 500 Hz attitude loop rate.
Using a least squares technique the effectiveness could be re-
calculated [8]. Moreover a thrust mapping parameter was de-
termined using a similar approach. As the outer INDI loop
provides the thrust in newton and the Crazyflie needs it as a
16 bit integer value, zero meaning no power and 65535 mean-
ing full power.

The adapted INDI loop needs the displacement (z. — z,)
to be able to calculate the commands. For determining this
displacement, the MAV’s vertical velocity is multiplied by a
time step K é As the system uses actuators which do not
have an instantaneous response the expected displacement is
delayed. To determine a valid time step gain, the response
of the actuators was investigated. For a unit step input the
actuators reached 90% of the final value within 0.3 seconds.
A value of 90% of the input is assumed to be enough to say
that the actuators have responded to the input, thus a value of
0.3 was used in the final controller as K.

5.2 Ceiling Ratio Estimation and Curve Fitting

First of all the distance towards the ceiling needs to be ob-
tained at the same rate as the altitude loop rate. With the ToF
sensor providing measurements at 10 Hz and the altitude loop
running at 100 Hz a complementary filter was applied, shown
in Algorithm 1. This filter uses the vertical displacement pro-
vided by the Kalman filter, to update the ceiling distance mea-
surements in between sensor measurements from the top ToF.
Once a new measurement is taken the estimate is corrected
using a gain. As the ToF sensors have a minimal distance
measurement limit>, the correction step was only applied up

“https://store.bitcraze.io/products/
crazyflie-2-1

Shttps://www.st.com/resource/en/datasheet/
v15311lx.pdf

to a distance of five centimeters away from the ceiling. When
flying closer the ceiling distance estimate only relies on the
displacement measured by the Kalman filter. A summation
of the altitude measurement and ceiling distance estimate is
used to generate the set points that command the MAV.

Algorithm 1 Ceiling distance approximation.

Initiate z. with ToF measurement
while z. < 0.5 meters do
For each AT update the ceiling distance with measured
displacement from the Kalman filter
if New ToF sensor measurement and z. > 5 cm then
Error = measured distance - estimate distance
New estimate = previous estimate + 0.1 x Error
end if
end while

For the determination of the RBF fitting function, the the-
oretical ceiling effect curve given by Equation 2 was taken
as reference. Given the rotor diameter of 45 millimeter, this
implies that the ceiling effect will become noticeable around
ten centimeters distance from the ceiling. To approximate the
exponential ceiling effect function a summation of six RBF
terms and a constant will be used, each with an adaptable
weight factor. The weights will be the model parameters for
the RLS. This function is described by Equation 22. The con-
stant is added such that the curve can model a value of one
without the extra RBF terms, allowing the RBF terms to more
easily model the flat part of the curve.

T(z)

z
Toc est

7
=wy+ Y wie T (22)
=2

As the centers and widths within Equation 22 are assumed
fixed they need to be determined. This is done by tuning them
in such a way that the curve produced by Equation 22 matches
closely to the curve produced by Equation 2. With the expo-
nential form, the RBF centers are biased towards zero and
spread out for further distances. For the widths a similar ap-
proach is taken, a smaller RBF width close to zero for model-
ing the steep slope, a wider RBF width further away to model
a flat slope. The final parameters are the following:

a7 = [15000 10000 5000 2000 1250 1000]

¢o_m =[0.0 0.005 0.015 0.03 0.06 0.1]
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Figure 8: RBF fit onto theoretical model comparison, with
model parameters C, = 0.44 and Cj, = —1.8.

Figure 8 shows a test fit onto the theoretical model. It shows
that the chosen RBF function structure is able to model an
exponential function. As the real ceiling effect might differ
from the theoretical (due to it being the ground effect) the
overall shape shall be similar and thus the structure is deemed
valid for usage in the INDI controller.

For obtaining the data points, two measurements need to be
taken on the Crazyflie. First of all the commanded thrust,
which is obtained from the motor command send to each of
the four actuators. G. Shi et al. did measurements on the
thrust using a force stand and created a relationship that maps
the normalized thrust command to thrust force in grams, in-
cluding a correction for battery drainage [17]. Secondly the
actual thrust needs to be measured, which is obtained indi-
rectly via the body z-axis accelerometer onboard. Via New-
tons second law, the acceleration measurement can be divided
by the mass to get the force. An accelerometer cannot dis-
tinguish the body acceleration from the gravitational accel-
eration. This however was used to its advantage, as during
a hover the accelerometer provides a value of one g which
translates to a force equal to the body mass. For the thrust ra-
tio this means a value of one, representing flight out of ceiling
effect. By dividing the actual thrust measurement from the
accelerometer data by the commanded thrust one finds the ra-
tio representing the ceiling effect, used as data to fit the RBF
function. Both measurements are taken in the body frame.
Once more this data is all filtered similar to the INDI loop,
such that all data is synchronous.

5.3  Experiments

To evaluate the newly designed controller, test flights were
performed. The flight environment is an open area with a ta-
ble top used as ceiling, such that the overall altitude of the
flight is kept to a limit in case of instability. For compari-

son each tested controller setup is flown ten times, to gather
an average result of the performance. First of all the stan-
dard INDI controller is tested to provide a benchmark. The
flight conducted is a purely vertical flight were the position is
kept constant, to only test the influence of the ceiling effect
on altitude stability. The assumption is also made that the roll
and pitch angles are small, such that the measured distance
of the ToF sensor is the actual distance towards the ceiling.
The flight consists of a hover far away from the ceiling, af-
ter which the MAV is commanded to a distance of nine, five
and three centimeters distance from the ceiling. Each hover
altitude is kept constant for a period of around ten seconds,
such that the controller has time to command the MAV to the
correct altitude and stabilize. The second controller tested is
the newly designed INDI controller, with a fixed RBF fit onto
the theoretical model (as shown in Figure 8). This is done to
be able to compare the real time learned model to the theo-
retical model. Lastly the new INDI controller with a learned
ceiling effect curve is tested. To gather the RBF data, first a
learning flight was conducted, which made the MAV hover at
different altitudes with increments of 2 centimeters from the
ceiling. After the fit was made the model parameters were
fixed and the normal test flights were conducted.

Another type of flight was conducted to test the limits of the
controllers. For this second experiment the MAV is com-
manded to climb towards the ceiling with once more incre-
ments of two centimeters, with a maximum distance of two
centimeters.

6 RESULTS

This section discusses the results collected within the flight
experiments. For the first flight experiments the mean and
standard deviation of the altitude of the ten flights per con-
troller will be presented. The focus in this paper is the com-
pensation of the ceiling effect, thus only the part of the flight
close the ceiling will be shown. This is the part of the flight
from approximately 20 to 40 seconds (five and three centime-
ter distance from the ceiling). This is where the ceiling effect
starts rising as seen in Figure 8. The first controller tested
was the original INDI controller, for which the result can be
seen in Figure 9. The average altitude, commanded altitude
and estimated ceiling height are shown. The two climbs in
command are the moments where the new altitude command
is set, so the first one a climb to five centimeters distance from
the ceiling, the second one a climb to a distance of three cen-
timeters. Both times the MAV climbs towards the distance,
for which the closer distance shows to be more difficult due
to higher oscillations (effect of the ceiling). In both instances
the MAV shows to have a steady state error, which is caused
by a bias in the accelerometer measurements. The INDI is
an incremental controller with similar behavior as an integral
gain, meaning convergence to the set command, such that no
steady state error exists. However due to the PD controller
generating a reference acceleration from the position error,



subtracting the measured acceleration (which has a bias) will
provide a virtual input close to zero, meaning the INDI con-
troller will not correct the steady state error.
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Figure 9: Mean and one standard deviation of altitude, origi-
nal INDI controller.

Figure 10, shows the results for the new INDI controller
where the RBF was fit onto the theoretical model from He
et al. One immediately notices that the standard deviation
is smaller compared to the original INDI controller. Besides
the smaller standard deviation the amplitude of the oscilla-
tion is also reduced. Both results show that the two extra
terms within the INDI controller counteract the extra gener-
ated thrust caused by the ceiling effect. These flights how-
ever were using the ground effect model from He et al [11]
as model for the ceiling effect, thus even though the model
used was not fit using onboard measurements the compen-
sation present already shows improvement. The steady state
error is once more present.
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Figure 10: Mean and one standard deviation of altitude, new
INDI controller with RBF fit onto theoretical model.

The last controller tested is the new INDI controller where
the RBF function is fitted using actual flight data. The result
can be seen in Figure 11, where the fitted RLS is shown in
Figure 12, in which the theoretical model is also shown for
comparison.
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Figure 11: Mean and one standard deviation of altitude, new
INDI controller with learned RBF fit.
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Figure 12: RBF fit using data from the learning flight.

For the flight result it is once more seen that the standard devi-
ation and oscillation is smaller compared to the original INDI
controller. Both previous controllers saw a small drop in al-
titude before settling at the final height. This is not seen in
Figure 11 where the MAV climbs directly to its commanded
altitude, as there is more compensation the increments will
be smaller leading to a slower response. The model fitted us-
ing real measurements is seen to have a bias compared to the
theoretical model. The bias can have several reasons: First



of all, the propellers and motors could be damaged affecting
the performance, which may also cause an error in the thrust
model used to calculate the ratio. Secondly, the ceiling ef-
fect was shown to be more aggressive than the ground effect
model as discussed in section 2, explaining the higher values
as well. The drop of around the one centimeter distance is
due to not collecting data at that distance.

The results for the second experiment where an even closer
ceiling flight was conducted, can be seen in Figure 13. It
shows the flight path of a single flight per controller. What
can be seen is that the original INDI controller could fly at
the distance of four centimeters, but when climbing towards
a distance of two centimeters the MAV became unstable,
started oscillating and even hit the ceiling as seen at the 50
second mark. This happened for all flights with the original
controller. Both the adapted INDI controllers were able to fly
stable at the distance of two centimeters, and as seen do not
show a large difference in behavior. This has shown that the
new INDI controller is better suited to deal with ceiling effect
than the original INDI.
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Figure 13: Close ceiling flight experiment, comparison of the
three controllers.

7 CONCLUSION AND FUTURE RESEARCH

This paper presented an adaptation to the INDI controller to
improve flight close towards the ceiling. The inclusion of a
ceiling effect model within the dynamical equation changed
the structure of the position INDI controller, where the extra
terms caused a decrease in the command to act as a compen-
sation for the increase in thrust caused by the ceiling. Flight
results have proven that the compensation terms do improve
stability, and increased the flight region of the MAV. The RBF
model has proven to generate a curve comparable to the ex-
pected ceiling effect and has the advantage of being adapt-
able. With the focus of this paper being the ceiling effect,

10

future research can be done by expanding the RBF model by
including the ground effect for example. This can aid the
stability when flying in tight spaces where the separation be-
tween ground and ceiling is small. Moreover it can be inves-
tigated if the time gain combined with the MAVs velocity is
the best way of estimating the displacement term (z. — 2, ).
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A One Dimensional MATLAB Simulation

This section will discuss the one dimensional Matlab simulation, used in testing different situations and concepts.
From the literature study it was seen that a feed forward controller had positive effect on the stability near
the ceiling, and it never collided the MAV during simulation. For this controller it was seen that the integral
gain was omitted, as the feedforward path took over that role. Instead of going further with this feedforward
controller there will be looked into the INDI controller. This is an incremental controller, thus also taking over
the role of the integral gain. To develop a conceptual design a one dimensional simulation environment was
created. This is used to test ideas and provide a benchmark for the actual implementation.

A.1 Derivation
First the structure of the simulation environment and the derivation of the one dimensional INDI controller will
be shown. shows a free body diagram of the simulated environment, the MAV, and the forces acting
onto the MAV. The important distances are the total height h. and distance of MAV body to the ceiling z..

P

hc MAV(mass m) .........................

A
2 »

Figure A.1: Free body diagram of the one dimensional simulation setup.

The control parameter in this problem is the thrust, which lets the MAV move up and down. By using Newtons
second law is set up. The forces consist of the thrust T, gravity with m the mass and ¢ the
gravitational constant, and a represents the body acceleration in vertical direction.

T ]
a_ﬁ—g+ﬁ(%—g)|T=To(T—TO)
. 1
F=m=xa a:a0+E(T7TO) —
Al .
T—m*xg=mxa (A1) T =m(a — ag)

The INDI controller is derived using a first order Taylor expansion and can be seen in This
shows that the increment in thrust (T =T —Tp) can be determined using the acceleration measurement ag
and the wanted acceleration a. The wanted acceleration will be determined using a PD loop on position. The
0 subscript indicates that those signals need to be from the same point in time.

To be able to simulate the ceiling effect, it was decided to implement the model form He et al. [1] into the
dynamical system leading to In which R is the rotor radius, C, and Cj (1.8 and 0.44) are model
parameters obtained via flight tests, and the distance to the ceiling z.. Even though this model was developed
for the ground effect, the literature study has shown that the ceiling effect is not that different. The advantage
of not having the singularity makes it an useful tool for the development of the new controller. Moreover as the
final controller will make use of flight data to create a ceiling effect curve this model does not affect the final
results.

F=m=xa
-Gy (A.3)
Tx(1+Coe™® *)—mxg=m=xa

Once more the INDI controller can be derived, this time with the ceiling effect included. The result is seen in
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quation A.4
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Rewriting such that the increment in thrust is once more isolated results in
~ m —Ob TO S,
T=——%—*(a-a)~ (-5 CacT 200) x (2 — 2ay) (A5)
14+ Cue Zeo

What can be seen in this INDI equation is the addition of two extra terms compared to the one in
These two terms will adjust the thrust increment when coming closer to the ceiling. To determine the change
in position (z. — z¢,) the velocity will be used with a gain factor acting as a time constant, as time multiplied
by velocity is distance. The velocity measurement is used instead of the position measurement for the following
reason. When you send a command to the system there will be a delay on the response, because the motors
need time to spin up or down. If the position measurements would be used at each time step the position
increment would not represent the expected position increment for the set input, due to the delay. The time
step gain is one parameter that can be tuned to reach satisfactory performance.

Lastly the RBF INDI controller can be derived in a similar fashion. This means that instead of the theoretical
ceiling effect the RBF function model is substituted in. The end result is shown in[Equation A.6] The derivation
of the RBF function is discussed in

7
A m 1 —ai(Zc—C;
T'=qpp*@-w) -2 Z 20 (e — ciJwie 7w (2 — z,,) (A.6)
For which:
7 2
RBF =w; + Zwiefai(chci)
i=2

The final control loop is shown in[Figure A.2] This is based of the RBF derivation, but the other INDI controllers
have a similar loop structure. It can be seen that there is a limiter within the loop, this is to control the thrust
to not become negative or exceed the maximum thrust. The motors are modeled using a first order transfer
function with break frequency at 16 [%], this is similar to the Crazyflie MAV , which will be used as the
testing platform. The MAV is modeled using which calculates the acceleration based on the
thrust input and provides it as an output.
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Figure A.2: One dimensional INDI implementation including ceiling effect RBF model.

A.2 Results

With the controller from implemented, different results can be analyzed. The simulation step time
is set to 0.01 [s] as the Crazyflie outer loop also runs at this rate.

To simulate the ceiling effect within the MAV dynamics, the model of He et al. was used. shows
the result for that relationship using the dimensions of the propellers from the Crazyflie (diameter 45 [mm]).
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Figure A.3: Simulated Ceiling effect based on model from He et al. with R = 0.0225, C, = 0.44, C, = —1.8.

First of all the standard INDI controller is tested in two situations. One where the ceiling effect is omitted
from the MAV dynamics, and another where the ceiling effect is implemented. shows the altitude
response of the MAV without the ceiling effect. The flight simulated is take-off to 40 [em], then hover at 43 [cm)]
and lastly hover at 48 [em], where the ceiling is placed at 50 [em]. The standard INDI controller commands the
MAV to the correct altitude without overshoot. shows the result of the same controller but with
the ceiling effect present, for which the percentage of extra thrust gained is presented in As the
effect is still minimal at the distances of 10 and 7 [cm] away from the ceiling (< 5%) the controller does not
behave differently. When the MAV reaches a distance of 2 [em] the effect is providing 10% extra thrust which
creates an overshoot and oscillation before stabilizing at the correct altitude. This proves that the original INDI
controller response is influenced by the ceiling effect, which may lead to stability problems in real life, and thus
the adaptation is proposed.
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Figure A.4: Original INDI controller, simulation with- Figure A.5: Original INDI controller, simulation with
out ceiling effects. ceiling effects.

With the possible chance of crashing using the original INDI control loop the newly developed controller is
tested for the same flight scenario. The controller is used for distances of 10 [¢cm] towards the ceiling or closer.
This is due to the defined span of the RBF function discussed in First the INDI controller with
the theoretical ceiling effect model into the dynamics is simulated (Equation A.5). Different values for the so
called time constant K, were tested to see its effect. The first result seen in [Figure A.6|shows that the adapted
INDI cannot fully compensate for the ceiling effect. For this simulation the time constant is set equal to the
simulation time step.
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Figure A.6: New INDI with incorporated theoretical model, K, = 0.01.

As the previous time step is deemed to be to small, a new value needs to be set. To find a suitable value for
the time constant, the actuator dynamics step response will be investigated. The step response is shown in
A value of 90% of the step response is deemed to be enough to say that the actuator has responded
to the given command, this happens after 0.3 [s]. The result for K, = 0.3 is seen in This time it
can be seen that the overshoot has disappeared as well as the oscillation. This means that the adapted INDI
is able to compensate for the ceiling effect, when using a gain attuned to the actuator dynamics. What can be
noticed is that due to the compensation the controller needs more time to reach the final altitude, compared
to the response in This is due to the ceiling effect compensation terms that decrease the thrust
command increment.
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Figure A.7: Actuator step response. Figure A.8: New INDI controller with incorporated

theoretical model, K, = 0.3.

Lastly shows the response of the controller when the time constant is increased even further, beyond
the response time of the actuators. What can be seen is that MAV response becomes slower. As a slow response
is not necessarily bad it may be unwanted in certain situation where time is limited. An example of this may
be an inspection mission where a certain area needs to be inspected within a certain amount of time, which
may not be obtainable due to the slow MAV response. Moreover a slow response can also mean that you are
unable to respond quickly enough to an unforeseen event which may lead to a crash. It was was decided to set
the K, = 0.3 for the rest of the simulations, based of the response time of the actuators.
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Figure A.9: New INDI controller with incorporated theoretical model, K, = 1.

Previously the ceiling effect within the INDI controller was similar to the one in the MAV dynamics. This will
probably not be the case in a real life situation, as modeling errors exist. Thus to improve the robustness of
the controller the ceiling effect model was substituted by a RBF model approximation . To first
test the RBF model it was fitted onto the theoretical model. This was done to check if the controller provides
a similar response, verifying the implementation. The altitude response seen in is comparable to
the one in The ceiling effect estimate is shown in [Figure A.11] which shows that the RBF fit onto
theory almost matches the model perfectly. The value seen in [Figure A.T1]is only used within the controller
when the altitude is within 10 [em] from the ceiling, the value of 1.4 is thus not used and is caused due to the
constant within the RBF model.
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Figure A.10: New INDI controller with incorporated Figure A.11: Ceiling effect theory fit versus theory dur-
RBF model, theoretical fit, K, = 0.3. ing flight.

There exist two possible situations for a mismatch between the RBF approximation and the real ceiling effect,
being under- or overestimation of the effect. To test the response of the INDI controller in these two scenarios, the
RBF was purposely altered to under- or overestimate the ceiling effect implemented within the MAV dynamics.
First of all shows the altitude response of the INDI controller using an underestimated model,
shown in As seen the response became quicker due to less compensation. Even though one might
argue that this quicker response is better than the previous one, it also brings it closer to a situation where
there is not enough compensation. The overshoot can cause instability due to even getting closer to the ceiling,
increasing the ceiling effect, which in the end may lead to a collision with the ceiling.
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Figure A.12: New INDI controller with incorporated Figure A.13: Ceiling effect underestimation versus the-
RBF model, underestimation fit, K, = 0.3. ory during flight.

The second situation is the overestimation, shown in [Figure A.14] and [Figure A.15] This time it can be seen
that the response became slower, due to a higher value of the ceiling effect.

20



0.55 i 15 i
— Altitude ———Theory
— Altitude command 1.4 ——RBF ||
0.5 ’
3 — 13 ~
3 045 ~ -
= 212 /
() =1
S 04 . /
= 11
0.35 L _—
0.3 0.9
0 10 20 30 0 5 10 15 20 25 30
Time (seconds) Time (seconds)

Figure A.14: New INDI controller with incorporated Figure A.15: Ceiling effect overestimation versus the-
RBF model, overestimation fit, K, = 0.3. ory during flight.

Both situations have shown that the new INDI controller with RBF is able to deal with modeling errors, up
to a certain extend. The simulated situations are on the extreme side, the RBF fit is expected to be closer to
the theoretical curve than both situations represent. This means that the situations that lay between the ones
presented have an acceptable response.
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B Radial Basis Function

To create a more adaptable controller it was decided to create a fitting function to model the ceiling effect,
that uses onboard measurements from the MAV. A Radial Basis Function or RBF for short, is a bell shaped
curve which is described by The parameters w, a and ¢ can be altered to change the shape and
position of the bell curve. w affects the height, a the width and ¢ the position of its peak.

we—(ze=)’ (B.1)

By taking the sum of RBF functions all different kind of function shapes can be modeled. This makes it an
useful tool to make the INDI controller more robust and adaptable to different systems, as a different sized
MAV will experience the ceiling effect at other distances, and has other values at those distances. The RBF
function could also be adapted to include other aerodynamic effects (e.g. ground effect) in future work.

B.1 Model Setup
For this work the focus was on compensation of the ceiling effect. The ceiling effect starts to become noticeable
around a distance of 10 [em] from the ceiling using the Crazyflie platform (the theoretical curve in
shows the effect starting to rise above 1% from this distance onward). It was thus decided to have the RBF
function describe a distance from 0 — 10 [em] from the ceiling. Another factor during the design is the limited
computational power of the Crazyflie system, as a larger span of the RBF function may need more RBF elements,
increasing the number of parameters and thus the computational load. The RBF function design is based of
the form it needs to describe set by the theoretical ceiling effect formula mentioned in This
function rises exponentially when getting closer to the ceiling. The final RBF function was chosen to consist of

a summation of a constant, and six RBF terms as described by

7
RBF = w; + Z wie i (ze—e)? (B.2)

=2

To determine the placement and width of each of the six RBf terms the function was fitted onto the theoretical
ceiling effect. The constant was used to adjust the height of the final curve, as such that the RBF functions
only needs to model the curvature. Using trial and error the following values where found.

ai:[15000.0 10000.0  5000.0 2000.0 1250.0 1000.0]

¢i=[0.0 0.05 0015 03 0.6 L10]

The six different RBF functions with their corresponding shape are shown in As can be seen the
further away from the ceiling the wider the RBF terms become. A wider RBF term can describe a flat line
more easy, vice versa a steeper one is better for fitting the rising part of the curve. The center placement is
biased towards the exponentially rising part of the curve such that the steep slope can be modeled better. Using
Ordinary Least Squares (OLS) explained in [subsection B.2.1| the curve was fitted onto the theoretical model,
the result is seen in 21 data points were used to fit the curve, each spaced half a centimeter apart.
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Figure B.1: The six different RBF shaped curves. Figure B.2: RBF curve fitted onto the theoretical
curve.

B.2 Fitting Method

To be able to determine the last unknown parameters w; in the RBF function (Equation B.2)) a parameter
estimation method needs to be chosen. The methods investigated are discussed in this section.

B.2.1 Ordinary Least Squares
The first method which was investigated is OLS , which is a relatively simple method to calculate the model
parameters for function fitting. states the estimate is obtained by multiplying the calculated
weights @ (model parameters) with the regression matrix A(z).

~

Yest = 0 - A(z.) (B.3)

2

0=[w .. wl A()=[1 emateme® | et

To calculate the model parameters one multiplies the inverse of the regression matrix with the data points y
that the curve needs to fit, as described in Instead of taking the normal inverse the pseudo
inverse is used. The regression matrix for the RBF chosen has the shape of n by seven, where n is the number
of data points used for fitting. When using a number of data points not equal to seven the regression matrix
becomes rectangular and thus the inverse must be approximated. With the m x n matrix where n = 7 and
more than seven data points (m > 7) will be used, the right inverse of the matrix A(z) can be calculated and
may be used to approximate the model parameters.

6= (A" (2) A=) ' AT (20)y (B.4)

To create the fit a number of data points needs to be selected along which the function will be fitted. As discussed
in the distance up until which the fit is created is 10 [em], where in the last few centimeters the
curve changes quiet drastically. To create a good fit each half a centimeter a data point bin was created. This
number of data points was also used to create and thus is deemed valid. This means the regression
matrix becomes 21 x 7 and thus the right inverse exists (matrix has rank 7).

To collect the data, onboard measurements are used which can be noisy. To account for this noise a filter needs
to be used to make the fit more robust, as the OLS method does not have any build in mechanism to deal with
noise. A moving average approach is investigated. This method is based of weighing new (y:) and old (y:—1)
data points as described by The total of both weights (v;—; and v;) will always add up to one.

Yt = Ve—1Yi—1 + Vi (B.5)
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For the measured thrust ratio different weights are tested and evaluated. Four different weights ratios are shown
in [Figure B.3|up to[Figure B.6l Reducing the weight of the new incoming data decreases the noise in the signal.
The peaks (between 10-12.5 and 15-17.5 seconds) are reduced most when applying a filter of 0.1 or 0.01 on the
incoming data. Especially in a smooth line is seen where most noise has been removed, but the

downside of such an aggressive filter is the delay introduced in the measurement signal.
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Figure B.6: Measured thrust ratio filtered wy_; =
0.99 A wy = 0.01, with estimated ceiling distance.

To evaluate the performance of the two more aggressive filters (0.1 and 0.01), which are needed to reduce the
measurement noise to an acceptable level, a test fit was created using the filtered data. For the 0.1 filter the
results can be seen in [Figure B.7 and [Figure B.8| Where shows the RBF fitting, with all data points
created during flight. Similar colored data points close together mean that they belong to the same data point
bin (as there are a total of 21 data points used for fitting there are 21 data point bins). shows the
weights of the fitting process. The RBF weights are initiated at a value of zero, the constant is set to one. This
means that the RBF function will provide a value of one when no measurements are taken. The new INDI
controller is used when flying within a range of 10 [em] from the ceiling, for this flight this distance was crossed
around a time of 6 [s] (point where the weights change first). What immediately catches the eye, are the two
coexisting lines of data points between 4 — 8 [cm] in which become even more clear when the most
aggressive filter is used, shown in The final curve is only fitted onto the latest data, which is one of
the two lines. The reason for the creation of those two lines is the following. As stated before, a filter introduces
delay in a signal, meaning it takes time for the signal to reach its desired value when providing an input. One
of the two lines is created during the ascend and the other during the descend. shows a fast descend
from 2 [em] to 20 [em] distance. This means that all data points in between 2 — 10 [em] will be updated but
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only with a few new values each, as the MAV keeps descending. As the ceiling ratio is high at 2 [cm] and the
filter adds an delay, the new data values at the lower data points will only differ slightly from the one at 2 [em],
as there was a quick descend. This is an unwanted effect, as the fit does not represent reality, but is misfitted
due to the aggressive descend and filter combination. This effect is also seen in |[Figure B.8| and [Figure B.10|
where the weights change drastically just before the end of the flight (the descend maneuver).
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Figure B.9: OLS fit with data filter w1 = 0.99Aw; = Figure B.10: OLS fitting weights with data filter
0.01, compared to theory and with all data points. wi_1 = 0.99 A w; = 0.01.

It was thus concluded that the OLS method in combination with the filter is not a valid fitting approach and
another fitting method was investigated, which will consider a filter within the method itself.

B.2.2 Recursive Least Squares
A method where a noise filter is build in is Recursive Least Squares (RLS) with a forgetting factor [3]. Here
the forgetting factor acts as the filter, telling the algorithm how quick it should adapt to new incoming data.
Moreover the method is computationally less expensive as the matrices used are smaller and no expensive
inverse is needed. Matrix multiplications cause the inverse to become a scalar. This method calculates the new

fit based on a stream of incoming data, and thus in retrospective with OLS it does not need a full data set
across the fitting space at each time step.

The model parameter estimation is done with the following formulas. First of all the Kalman gain is calculated

according to in which X is the forgetting factor, which may have value of 0 < A < 1. New data
has the most influence on the fit as A approaches one. Secondly, using the model parameters can

be calculated using the latest measurement yjy1, the old model parameters 6y, regression matrix A1, and
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the previously calculated Kalman gain Ky 1. Lastly, using the covariance matrix P is updated.
The covariance matrix will be a seven by seven diagonal matrix. Each diagonal entry within this matrix tells
how much each weight is correlated with itself. The smaller this value, the smaller the change is expected to
be.

Kii1 =Py Al (Appr - P - AL + 07! (B.6)
i1 =01 + Kii1(yosr — Api10k) (B.7)
Piy1=Pr—Kiy1 - Apa - Py, (B.8)
—a1(ze —c1)?
A(ch+1) = [1 pl(ZCk+1) pM(ZCk+1] pl(zckﬂ) =€ 1GEerga e

To investigate the influence of the forgetting factor the covariance matrix will be initiated as a diagonal matrix,
with entries equal to one. The unfiltered data shown in [subsection B.2.1] will be used. Figures[B.11]to[B:14]show
the fitting process for forgetting factor values of 0.01 until 1. The legend indicates how far into the simulated
flight the fit was created. Meaning 0 is at the start and 600 is around the end of the flight. From the results
it can be seen that a higher forgetting factor leads to a fitting process in which the curve changes more evenly,
especially within the area were no data is collected (between 0 and 4 centimeters). The final fit is shown to be
similar between all learning parameters.
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Figure B.11: RLS fitting, forgetting factor 0.01, fitting Figure B.12: RLS fitting, forgetting factor 0.1, fitting
process. process.
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Figure B.13: RLS fitting, forgetting factor 0.5, fitting Figure B.14: RLS fitting, forgetting factor 1, fitting
process. process.

Setting the forgetting factor higher than 0.01 does not change the final fit drastically, so to have equal weight
between new and old data, the forgetting will be set at 0.5. To investigate how much the covariance matrix
initiation affects the fitting process, different starting values are tested. The results are shown in
up to[Figure B.17] From these results it can be seen that a lower value for the covariance matrix initiation leads
to a fitting process where the curve changes more evenly. Once more the initiation does not seem to greatly
impact the final fit.
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Figure B.15: RLS fitting, forgetting factor 1 and co- Figure B.16: RLS fitting, forgetting factor 0.5 and co-
variance initiation at 0.1, fitting process. variance initiation at 5, fitting process.
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Figure B.17: RLS fitting, forgetting factor 0.5 and covariance initiation at 25, fitting process.

The final values are selected based on the previously shown results, initiation of 1 for the covariance matrix and
value of 0.5 for the forgetting factor. Using these values shows the final fit created by the RLS.
Once more all data points collected are shown. The final fit is going through the middle of all those points,
meaning this method is less sensitive to the data spread (noise) than OLS. shows the progress of the
weights during the fitting process, and shows the covariance matrix values of the different weights.
What can be seen is that the covariance value of a specific weight only starts to change when the measurements

starts to get close to center placement of that RBF term. This shows that new incoming data mostly affects its
surrounding area.
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Figure B.18: RLS fitting, forgetting factor 0.5 and covariance initiation at 1, fitting result.
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Figure B.19: RLS fitting, forgetting factor 0.5 and co- Figure B.20: RLS fitting, forgetting factor 0.5 and co-
variance initiation at 1, weights. variance initiation at 1, covariance values.

It is concluded that RLS is able to cope with the measurement noise and can estimate the model parameters
such that a valid fit is created. Thus the RLS method will be the algorithm used to process the measurements
and generate a ceiling effect curve during flight with the new INDI controller.
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C Crazyflie Implementation and Results

This section will discuss extra information about the implementation of the new controller and the results that
followed, besides everything shown in the scientific paper.

C.1 Crazyflie Protection

For the initial testing a custom bumper was 3D printed to protect the propellers when flying close to the ceiling.
This was done as a precaution due to not knowing how the MAV would respond during the first few flights, as
there might still have been bugs within the code. During the first flights the MAV became unstable, ending
either in a crash, or up side down after a flip. First the new controller got the blame for causing the instability,
but after the code was checked and no bugs were found, there was looked further. In the end it became clear
the the extra weight of the bumper, besides the Crazyflie with the two expansion decks, made it too heavy.
Due to the weight the MAV was flying around the limits of the actuators’ capability during hover. The motor
mixing does not have any prioritization included for roll and pitch over the thrust. This meant that all the
commands provided by the INDI controller could not be fulfilled and the MAV started to move unpredictable.
After removing the bumper the unstable behavior also disappeared, which made it clear that the bumper was
the cause.

C.2 INDI Implementation

The standard INDI controller was already implemented on the Crazyflie system by E. Volodscoi [2]. The code
was checked for mistakes, of which several were found. Most of the mistakes were related to sign convention.
Moreover within the implementation the hover thrust was used within the outer loop to calculate the control
effectiveness. This has been changed to include the actual thrust using the relationship found in the work from
Shi et al. [4]. Lastly the control effectiveness values within the inner attitude loop were recalculated.

C.3 Results

During the first test flights with a finished controller the estimated ceiling height was changing during the
flight. This height is used to generate the set points for the MAV and thus need to be correct. To investigate
what caused the wrong estimation, data was logged when moving the MAV by hand towards the ceiling. The
altitude and ceiling distance can be seen in [Figure C.1| and [Figure C.2| respectively, with the estimated ceiling
height shown in The MAV was moved with increments of approximately 2 [cm] towards the ceiling.
The ceiling height estimate is relatively stable (considering an unsteady hand moving the MAV) up to the
25 [s] mark. Afterwards the ceiling height estimate starts dropping, which is not possible as the ceiling height
was not changing, thus it must be caused by wrong onboard measurements and or calculations. The ceiling
distance estimate in is seen to change 4 [cm] at the 30 [s] mark, while the altitude measurement in
only changes approximately 2 [em], this means there is a mismatch between the two ToF sensors
measuring those distances. Within the data sheet of the ToF sensmﬂ the minimal measurement distance is
stated to be 4 [em]. This implies that the top ToF sensor provided wrong measurements, this is true as during
the handheld flight the MAV was never touching the ceiling thus a distance of 0 [em] is a wrong measurement.
The combination of wrong measurements by the top ToF and mismatch in displacement between the two ToF
sensors caused the alternating ceiling height.

Ihttps://www.st.com/resource/en/datasheet/v15311x.pdf
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Figure C.3: Ceiling height estimate for the flight by hand.

To solve the issue, the ceiling distance estimate will only be corrected with a ToF measurement when the
ceiling distance estimate is larger than 5 [em], thus staying away from the minimal distance measurement
range. This implies that at distances closer than 5 [em] only the downward measurement is used to adapt the
ceiling distance estimate. [Figure C.4]until |Figure C.6|show results from an actual test flight where the proposed
solution was implemented. During the flight the ceiling estimate stayed relatively constant (taking into account
sensor noise) as seen in The ceiling height stays completely constant as soon as the ceiling distance
becomes smaller than 5 [cm]. Due to removing the correction step the ceiling distance estimate is only based of
measurements from the downward facing ToF, this causes the ceiling height estimate to stay constant. When
observing the MAV during the test flight the ceiling distance estimate (with implemented solution) was deemed
correct. During the final test flights (for generating the paper results) the ceiling height estimate was calculated
during hover far from the ceiling (> 20 [em]). This ceiling height was than taken and used during the rest of
the flight, making certain that the ceiling height stayed constant.
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During the test flights it was assumed that the flight was purely vertical. The x and y position for one of the
test flights is shown in |[Figure C.7| and |[Figure C.8[ (other flights showed similar results). As seen both x and y
position are not completely stable and show some movement. This movements did however not show to have a
large influence on the controller behavior during the execution of the test flights. For this reason the assumption
of pure vertical flight was deemed valid.
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in As can be seen the RLS fit shows to be a good fit around the middle of all data points, and
seems to have not been altered by the high spikes in the data. The measured data is shown in [Figure C.10]
with the corresponding ceiling distance shown in [Figure C.11] The flight conducted started at 10 cm distance
with increments of 2 [em] with a final distance of 2 [em)].
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Lastly within the results shown in the paper there exists a steady state error. This error is caused by a bias in
the accelerometer measurement. A steady 40 [cm] hover flight was conducted with the altitude and acceleration
measurements shown in [Figure C.12] and |[Figure C.13] During the periods from 6 — 9, 12 — 16 seconds the
measured and wanted acceleration both shown to be negative. This means an acceleration upwards as the
positive z axis is pointing downwards in the defined coordinate system. This is however not seen in the altitude
response as the MAV keeps hovering around the same altitude, not constantly moving up. This is caused by
the bias which makes the MAV think that its accelerating. The INDI is an incremental controller with similar
behavior as an integral gain, meaning convergence to the set command such that no steady state error exists.
However due to the PD controller generating a reference acceleration from the position error and subtracting the
measured acceleration (which has a bias) will provide a virtual input close to zero, meaning the INDI controller
will not correct the steady state error.
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1 Introduction

Within every sector technology advances with time. This is no different for the industry of Unmanned Aerial
Vehicles (UAVs), or more generally called drones. In the year 2014 there was already an expenditure of 700
million dollar on commercial drones. The applications for those drones range from photography, wild life
counting up to surveillance and inspections [5]. Miniaturization and automation of drones played a mayor role
in recent years making the drones smaller and smaller, obtaining the name Micro Air Vehicles (MAVs), which
expands the application field. Flying indoors is such an application. An example of this is by Sampedro et al.
who developed a drone to carry out search and rescue operations |6]. Another example is the Airburr drone by
Briod et al. [7], also a search and rescue drone which is designed for robustness and is capable of dealing with
collisions. Still the areas explored by those drones are relatively large compared to size of the drone. Smaller
areas are also being explored already, such as sewage pipes, explored with a caged drone developed by the
company Flyabilityﬂ Such a caged design makes the drone more robust and keeps it protected from flipping
over and being unable to continue its flight. However when a wall needs to be inspected it might not be possible
to get close enough with such a caged drone, as such needing a cageless drone. Moreover the Flyability is mostly
manually controlled, but communication with a human operator might not always be possible introducing the
need of an autonomous controller. This shows the need for innovation.

To make this autonomous flight within small enclosed environments (meaning that the dimensions of the MAV
are within ten times the maximum dimensions of the room, e.g. a 10 centimeter MAV within a 50 centimeter
sewage pipe) without a cage possible a thesis proposal is made. The aim of the proposed thesis work is the
following. The development of an autonomous MAV controller which makes it possible to fly stable and safe
within an enclosed area, with the ability of getting close to the environment borders. The aim of this report
will be to perform a literature study within the field of indoor autonomous flight, with a focus on disturbances
caused by aerodynamic effects and the handling of mild collisions. This will make is possible to setup a research
plan for the future work of the thesis.

The structure of the report will be the following. First of all the research plan for the literature study is
developed in chapter 2] This will provide a layout for the areas of interest that will aid in obtaining a solution
for the thesis objective. Then chapter [3| will elaborate on the literature found for those areas. It will explain
what is already done and how this might aid the thesis work. After that chapter [4| will provide the results from
two different types of experiments performed. One concerning the aerodynamic flow created by a drone and
the other one going into performance of a PID controller. Next up chapter [5| will provide the research plan for
the future work for completion of the thesis. Lastly chapter [6] will provide a conclusion.

Thttps://www.flyability.com/
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2 Research Plan Literature Study

As mentioned within the introduction this thesis aims to make autonomous flight of an MAV within a small
enclosed area possible, e.g. a 10 centimeter drone within a 50 centimeter sewage pipe. To be specific the research
objective is formulated as follows:

“To achieve autonomous stable flight of an MAV quadcopter within a small enclosed area by means
of developing a controller that is able to cope with the aerodynamic effects, self-induced flow distur-
bances and mild collisions.”

This research objective can be broken down into several topics for the literature study. First of all the ’small
enclosed area’ will bring several challenges as mentioned. Aerodynamic effects will play a role when flying close
to the boundaries (e.g. wall, ceiling and ground). To find out more about these effects, part of the literature
study will be focused on finding what effects exist, how they interact with an MAV and if the effects can be
modeled. The area wherein the MAV flies will be mostly closed off, the induced flow will start to circulate, also
introducing other possible disturbances. To acquire knowledge on this, Computational Fluid Dynamics (CFD)
software will be used to visualize the flow. This will be focused on direction, velocity and patterns of the flow.

Secondly the ’autonomous stable flight’ implies for the development of a controller, which will be the main
deliverable from the thesis work. To decide on the type and what form the controller must have research into
existing controllers will be done, to find the advantages and disadvantages. Besides looking into literature a
Matlab simulation will be conducted in which a PID controller in both feedback and feedforward structure is
tested. This will provide additional information on the challenges that need to be tackled by the controller,
and will aid in the understanding of a controller. How the controller will handle disturbances is an important
aspect, e.g. do they model the disturbances or are estimations needed based off sensor measurements. This
will namely lead to different decisions for the actual hardware. Moreover there will be looked into literature
to find what sensors are used for obtaining relative distances to the surroundings. Flying indoors will impose
constraints on type of sensors, the sensors itself may pose constraints on the other hardware of the MAV.

To summarize several research topic questions are proposed. It starts with the main question, which is supported
by more categorized sub-questions.

How can autonomous, stable and safe flight of an M AV quadcopter within a small enclosed area
be achieved?

1. What are the influences of aerodynamic effects on quadcopter stability

e What type of aerodynamic effects occur within a small area?
e How do these aerodynamic effects interact with the quadcopter?

e What mathematical models are derived for the aerodynamic effects?
2. What type of controllers exist within the area of autonomous MAV flight?

e Are the controllers based on mathematical models?
e How does the controller handle disturbances?

e What sort of hardware was used for the development of existing controllers?
3. Which sensors used on an MAV are involved in gaining knowledge of the surroundings?

e Which type of sensors used on an MAV exist for obtaining distance measurements to area boundaries?
e What are the constraints on sensors for flying indoor?

e What are constraints introduced by a sensor on the MAV?

The literature study will mostly focus on answering all the sub-questions, to provide the basis for the development
of the controller.
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3 Literature

Before a solution to reach the objective can be formulated, there will be looked into literature. The literature
will provide information on what is already done by others and how that can be used within this work. The
subjects for the literature study have been set out in chapter 2] First of all will explain the different
aerodynamic effects encountered when flying indoors and which models describe those effects. Then
will provide some general information on autonomous controllers, such that advantages and disadvantages are
known before going deeper. will describe methods used in obtaining information on external distur-
bances, different to using models for the aecrodynamic effects. Thereafter [section 3.2 shows some controllers used
when flying in an area where the aerodynamic effects are encountered, with some methods using aerodynamic
models from and others using disturbance estimation from Then dives into
methods to handle small collisions. With at last discussing sensors for measuring distances to the

surroundings.

3.1 Indoor Aerodynamic Effects
Flying indoors with an MAV brings several challenges, especially when flying in small enclosed areas, where
close encounters with the boundaries (e.g. walls) will happen. One of those challenges is the occurrence of
several aerodynamic effects.

3.1.1 Ground Effect
One of the first studies done for the ground effect with helicopters is done by Cheeseman and Bennet . The
reduction of induced velocity due to the presence of a ground plane causes an increase in thrust compared to a
similar situation without the presence of the ground plane. They created a relationship that shows the ratio of
extra thrust generated when a single propeller helicopter (main rotor and smaller vertical spinning tail rotor)

is in close proximity to the ground plane. This relationship is shown in

T, 1 with z > 0.25R (3.1)

RQ
T 1- 1622

Within this relationship T} is the thrust within ground effect and T the thrust far enough away from the
ground plane where no effect is encountered. R is the propeller radius and z equals the distance from the
propeller plane to the ground plane. The singularity sets a minimum height for which the formula holds.
Within the thesis project a quadcopter will be used which might not generate the same ground effect and as
such might not be valid. Conyers et al. ﬂgﬂ performed tests with a quadcopter setup to investigate
the validity of the relationship. They created a rigid test stand that allows for different distances of the propeller
to a ground plane, by reversing the propellers orientation upwards flow is created and thus a wooden plate above
the propeller acts as a ground plane. The experiment validates by running single propeller tests,
results seen in After the single propeller test multiple quadcopter configurations (different propeller
separation distances) are tested. Those results can be seen in Within the quadcopter experiment a
controller makes sure that all four motors spin at the same speed to mimic perfect hover.

x 4.7 Single Propelier - eod v P = 2o
8% 4.7 Single Propelier . Measused v Predicted # x4 7 Quaaroor - 690 mm Spacng - Measured va Proaicted

118 Theory i Theory
\.. = 7000 rpm 1.28/ — 7000 rpm
| 8400 rpm
L8] D650 rpm

TIGETOGE
i}

Figure 3.1: Ground effect for single propeller at differ- Figure 3.2: Ground effect for quadcopter configuration
ent RPM @ at different RPM @

From the tests it could be concluded that the ground effect for a quadcopter could not be described by
The effect appears both further from the ground and is stronger in magnitude. An interesting region
appears around the two rotor radii away, where the thrust ratio drops (even below 1). At that distance the air-
flow from different propellers collides and is curled away from the surface, creating a vortex ring that circulates
around the spinning rotor. When this happens the loss of thrust cannot be be corrected by increasing power
which in aviation is also known as a vortex ring state ﬂgﬂ From this experiment it also seems that the effect is
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independent of RPM, as the lines mostly overlap considering slight measurement errors. He et al. also found
the ground effect to be independent of Pulse Width Modulation signal (PWM) provided to the motor, which
controls the RPM. Sanchez-Cuevas et al. also investigated the ground effect for a quadrotor MAV with a
similar test bench but using a full quadcopter instead of just four separate propellers. The results from their
experiments are shown in

Tige/Toge

z/R

Figure 3.3: Ground effect for a quadcopter. The green line shows the quadrotor results and a single rotor
experiment is represented in red. The blue and black lines are models generated from potential flow with the
method of images .

Once more it can be concluded that the quadrotor effect is stronger. This is caused by the fountain effect:
due to collision of flow from different propellers below the body it is curved away from the ground surface and
impinges on the drone body forcing it upward. The drop in thrust is not seen in the results from Sanchez
compared to Conyers work, this may be explained due to usage of different MAV geometry. The generation of a
general model (without intensive model fitting via experiments for each MAV) for the quadcopter ground effect
might thus be near impossible if the geometry (besides rotor size) has such a large impact.

3.1.2 Ceiling Effect

Similar to a ground plane a ceiling plane also interacts with the MAV. Like for the ground effect, the ceiling
obstructs the flow and decreases the induced velocity created by the rotor plane increasing the thrust . With
the ground effect leading to some sort of air cushion between the MAV and the ground pushing it away and
as such protecting it against ground collision, the ceiling effect causes the MAV to be sucked towards ceiling
leading to contact which might damage the MAV. As the ceiling effect is caused by the same physical principle
as the ground effect, Conyers at el. also conducted experiments to see if holds for the effect in
both single propeller and quadcopter configuration. The experiments were executed with the same test setup,
but this time the airflow created by the propellers was directed away from the plate. shows the
results for single propeller experiments, the quadcopter configuration respectively.

" - . 9 x 4.7 Quadrotor - 690 mm - Ceiling Effect - Measured vs Predicted
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Figure 3.4: Ceiling effect for single propeller at differ- Figu.re 3.5: Ceiling effect for quadcopter configuration
ent RPM at different RPM

In contrast to the ground effect seems to describe the ceiling effect rather well, up until the
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singularity where the relationship goes to infinity, but the experiment shows finite results. The results are
similar for varying propeller spacing. Sanchez et al. also investigated the ceiling effect but used a single
propeller only. Besides the lower induced velocity creating the increase in thrust they observed that the rotor
spun faster when getting closer to the ceiling plane, while keeping the input signal to the motor constant.
This can be seen in where the PWM is practically equal for all experiments but the RPM shows a
maximum difference of around 300 RPM.
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Figure 3.6: PWM signal and RPM for different distances to the ceiling plane .

Jimenez-Cano et al. conducted experiments with an MAV having ducts around the propellers (the ducts are
not entirely closed). The ducts seem to enhance the ceiling effect which is an interesting find, as flying indoors
might require the propellers to be protected against collisions. Due to the stronger effect the relationship by
Cheeseman and Bennet is not valid anymore. Without ducts seems to describe the ceiling effect
for quadcopters, but either experimental measurements or an adaptation to the relationship needs to be made
to describe the ceiling effect beyond the singularity. Moreover the ceiling effect starts more drastically and
closer to the ceiling when compared to the more subtle growing ground effect. This is an important finding as
there will be less time to compensate before a collision with the ceiling might happen, putting a constraint on
delay within the future controller.

3.1.3 Wall Effect

When flying inside a room, four of the six environmental boundaries are walls, not considering a possible
doorway. Sanchez-Cuevas et al. also used their test stand to see if the wall has an effect on the thrust. Due
to the propeller plane being perpendicular to the wall within their test setup, and helicopter theory assuming
airflow being almost perpendicular to the rotor plane almost no effect is expected. The results confirm this as
a deviation of around 2% in thrust is found compared to the 25% of extra thrust in ground effect respectively.
Within actual flight the chances are slim that the rotor plane will be perpendicular to the wall. When the MAV
is tilted the wall will act as a ground plane when tilted away and ceiling when tilted towards, this is expected
to increase the induced effects when flying close to walls. The wall behaving like a ground or ceiling plane is
also supported by findings from Jarding et al. [14]. This tilt causes the effects to be different in magnitude
across the quadcopter as the rotors are at different distances from the wall and as such introduce a disturbance
moment.

3.1.4 Combination of Effects
When flying indoors, situations will exist where there will be flown close to multiple environmental boundaries,
resulting in combinations of the effects. Jardin et al. [14] investigated the In Channel Effect (IChE) which
is having both a ground and ceiling plane in close proximity. Two experimental results for a single propeller
(Radius 125 mm) are shown in [Figure 3.7 and [Figure 3.8] In these figures three different scatterplots can be
seen, one for the ground effect, one for the ceiling and one for the combined effect. Note the usage of Power
Loading (PL) instead of thrust, PL is the ratio between the thrust and power of the rotor.
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Figure 3.8: IChE for ground-ceiling distance of 2 rotor

Figure 3.7: IChE for ground-ceiling distance of four
radii [14].

rotor radii [14].

From these experiments they concluded that it is valid to say that the IChE can be represented as a linear
combination of the ground and ceiling effect. Sanchez-Cuevas et al. [10] conducted a single propeller experiment
in proximity of a ground plane and wall. From the result in a lowering of the thrust is noticed (ratio
dropped below one) and as such the ground model is not valid anymore. They suggest that the upward flow
between wall and propeller disturbs the flow significant enough in comparison to normal thrust operation
decreasing the efficiency, and the fountain effect not being strong enough to compensate. Prothin et al. [15]
investigated the aerodynamics of an MAV in a corner close to the ground. Their main finding was that the
location of the tip vertex at the wall side created by the spinning rotor moved to be located above the rotor
plane instead of below. Even though no concrete numbers where given on thrust performance this finding makes
it arguable that a ground effect model developed via experiments with a ground plane only will not be valid
anymore. As such describing all effects with exact models might be difficult and complex meaning they will not
be able to perfectly match reality.

Ground + Wall Effect

zR

Figure 3.9: Combination of ground and wall plane. Black line is classical ground effect model from [Equation 3.1
the blue line is for propeller tip distances of 15 centimeters and the red line for a distance of two centimeters

[12].

All the effects influence the amount of thrust generated by the propellers. As the drone will be in motion
the propeller plane of the drone will not be parallel with ground and or ceiling, and not perpendicular to the
wall. For this reason the effect will be unequal across all four propellers providing a disturbance moment as the
propellers are placed at a certain distance from the center of gravity of the MAV. For the ground effect it is a
stabilizing moment, as propellers further away provide less thrust compared to those closer to the ground. This
stabilizing moment however will make it more difficult for the controller to keep a fixed pitch angle in forward
flight when In Ground Effect (IGE). Within ceiling effect the moment is destabilizing as the propeller closer to
ceiling has more thrust than a propeller further away. For the wall effect there can be both a stabilizing and
destabilizing moment dependent on the flight situation. For flying towards a wall (wall provides some ceiling
effect) the moment is stabilizing, the opposite holds for flying away, both have similar reasoning as before.

3.1.5 Models from Literature
Previously the impact of the aerodynamic effects on a quadcopter have been discussed. Now several models
developed in literature will be shown. This will provide an overview of what type of models are developed and
what challenges may need to be overcome. The models shown are focused on ground effect, similar findings
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are there for the ceiling effect. The ceiling effect however could already be modeled relatively accurate by

Fquation 3.

The model from Cheeseman and Bennet , provided inis one of the most basic found in literature.
It is only dependent on the radius of the rotor when looking at drone geometry. For a quadrotor in ground effect
it was found that underestimated the effect, but for the ceiling effect it does hold. A more simple
linear relationship for the ground effect was found by Wei et al. . To determine this equation a test-setup
shown in was used. This setup is easy to recreate and thus may be recreated when aerodynamic
effect experiments are deemed necessary within the thesis work. From the results a linear equation shown in

was fitted.
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Figure 3.11: Ground Effect measurement experimental
Figure 3.10: Ground Effect measurement experimental setup by He et al.
setup. It includes (1) a Crazyflie 2.0 quadcopter, (2) a
3D-printed support, (3) an ultrasonic sensor, (4) a dig-
ital scale, (5) a flat platform, and (6) a Arduino UNO
microcontroller

T {—0.0373; +1.1651, if & < 4.42 52)
T '

~ 1 1.0000, otherwise

Once again z and R are the relative distance to the ground plane and rotor radius respectively. T is the IGE
thrust and Tp Out of Ground Effect (OGE) thrust. Sanchez et al. developed a more complex model shown

in in blue, with representing the equation.

Tice

1
Toce 1— (R/42)2 — R2(z/\ /(@ + 422)3) — (R2/2)(z/ /(2% + 422)3) — 2R2(2/ /(0% + 422)3) K,

Tice and Togg being the thrust values for IGE and OGE. R and z the rotor radius and distance to ground
plane. d the separation distance between four coplanar rotors. b the separation distance between two opposite
rotors and K} being an empirical body lift coefficient. This relationship does have a singularity and thus shoots
to infinity when the distance between rotor plane and ground plane converges to zero. The model is derived
from potential flow with the method of images, from which the model from Cheeseman and Bennet was derived
as well, thus not solely being based on experimental data.

(3.3)

He et al. also created a model for the ground effect. By conducting experiments with the test stand shown
in which is a more complex setup compared to the one from Wei et al. With this a model without
singularities was created and is shown in

—Cue "7 41 (3.4)
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T(z) and T, being IGE and OGE thrust. R and z rotor radius and ground distance. C, and C are coefficients
that were fit using experimental data using the test-bench shown in

More models exist, besides the three mentioned ones. However these three models provide an adequate reflection
of the research done in this field, as they show some key differences. The model from Wei et al.
is linear, thus when implemented into the nonlinear drone dynamics no extra nonlinear elements are added.
Moreover it has no singularity, and thus puts no constraints on the application within the entire flight region.
Being linear is computationally less expensive, this is an advantage compared to the other two models. However
it is expected to be less accurate, as previous experimental results from other studies clearly show a nonlinear
increase in thrust when getting below % = 1. This underestimation of the effect may lead to too low of a
response by a controller when merely based on this model, it may however provide a reference for the effect and
be used to compensate some of the effects relatively easy. The other two models are nonlinear, of which the
model from Sanchez has a singularity. The singularity may be a problem when a low profile MAV
is used. The singularity causes the estimation to shoot to infinity, implying infinite thrust, which will definitely
lead to problems. The model from He et al does not include a singularity and provides a finite
thrust for all distances to the ground plane. Then the two nonlinear models both include coefficients that need
to be determined from data and thus experiments must be conducted. This implies extra work compared to
the linear model, which might not be worth it for the following reason. As the thesis will cover flight in small
enclosed spaces a combination of effects may be experienced, for which a combination of several models might
be needed. Even though some models describe a single effect accurately and Jardin et al. [14] found that the
ceiling and ground effect could be added linearly the models may still be too inaccurate. Then having a simpler
linear model without the need of conducting experiments and use it to compensate some of the effects and use
another technique such as a disturbance observer discussed later in to compensate the rest may be
better, simpler and computationally less expensive solution compared to the nonlinear models. Moreover the
nonlinear models that need experimental fitting may also need support from a disturbance observer or other
tool as they are also not perfect.

A final note needs to be made for the review on aerodynamic effects. All the experiments presented from
literature were never conducted within a fully enclosed area, meaning no flow circulation in close proximity
to the test stand. As the thesis work will focus on enclosed flight, flow circulation will play a role and affect
the aerodynamics causing the thrust variation. For example due to circulations the IChE might not be a
simple linear combination of the ceiling and ground effect due to further away walls affecting the total flow.
To investigate the flow circulation Computational Fluid Dynamics (CFD) will be used to get a grasp of the
intensity of the flow and flow speeds, which will be elaborated on in

3.2 Controller Overview

Before having a look into the work done within flying in enclosed spaces and for example the handling of
aerodynamic effects a general overview of different control techniques is given. The overview will both discuss
linear and nonlinear control techniques. Some important characteristics to discuss are the following: handling
of disturbances caused mostly by the aerodynamic effects. The dependence on exact mathematical dynamic
models, due to an MAV quadcopter being highly nonlinear and underactuated obtaining an exact representative
model can be difficult. Lastly the computational needs of each control strategy, as the onboard hardware is
mostly constrained by weight and power usage, both affecting flight time. The section will close off with a table
summarizing the discussed techniques.

3.2.1 Linear Controllers

The most used linear controller is a Proportional-Integral-Derivative controller (PID). It is applicable to Single-
Input Single-Output systems (SISO). The simple structure makes it easy to integrate and requires a low compu-
tational cost [17]. The basis comes down to controlling the error (difference between reference and actual value)
to zero. It can do this via the usage of three gain terms one applied to the error itself, one onto the derivative
of the error and the last one onto the integrated error respectively [18]. PID control is non model based (it
only uses the error) and thus lacks robustness, if the error measurement is not precise enough the controller
might send control signals that are fitted for a completely different situation and thus can worsen the situation.
Advantageous of the PID control is ease in creating cascaded loops, creating possibilities for combination with
other more robust techniques. As PID is a linear control technique it is tuned around a single equilibrium
point, affecting performance in uncertain situations such as disturbance handling. Scheduling different gains
can improve the robustness, but introduces more complexity as a higher level controller needs to decide on when
to use which gains.
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A Linear Quadratic Regulator (LQR) is another linear control technique, but it can deal with both SISO and
Multiple-Input Multiple-Output systems (MIMO), and thus a single controller might be able to control the
entire system compared to PID where a separate controller needs to be designed for each control parameter.
LQR is an optimization based controller and calculates the control inputs via minimization of a predefined
cost function [17]. Optimization has higher computational cost, but as it is linear problem no real problem
is expected. This technique can make use of noisy conditions and deal with some missing information when
controlling the system, thus being more robust and handling disturbances better than PID control [18]. Once
more as it is a linear technique, the system needs to be linearized around a certain condition affecting the
robustness. Moreover it is a model based technique, meaning parameter uncertainties in the system dynamics
can affect the performance.

The aforementioned linear control techniques are used for control of an MAV within literature, but often they
are combined with another nonlinear technique. This is done such that the disturbance handling and robustness
of the final controller increases. An example is given by He et al. [1] using an outer PID controller but including
a nonlinear disturbance observer in the controlled system to improve performance for IGE flight. Thus for
dealing with the harsh aerodynamic effects discussed in a sole linear controller will not be the
solution, motivating the need of looking into nonlinear controllers.

3.2.2 Nonlinear Controllers

Compared to the linear techniques there exist a wide variety of controllers directly applicable to nonlinear
systems. A widely used method is backstepping control, which is a recursive algorithm. The advantage of this
technique is the stability guarantee via Lyapunov analysis and the ability to deal with external disturbances.
A negative aspect is known as the ’explosion of terms’ which is caused by the repetition of differentiation of
the virtual inputs. This implies a lack of robustness, and shows the dependence on an exact mathematical
model, which as said can be difficult to obtain for an MAV. One aspect of this technique is the need of a
strict feedback form, needing full state feedback [19]. The full state feedback means all states must be directly
measured or estimated via those measurements, introducing constraints to the system and add computational
cost for implementation.

Sliding mode control is another nonlinear control technique. It uses a discontinuous control signal to control the
system to slide along a set trajectory. Having a low sensitivity to external disturbances and model uncertainties
is a pro. This method is using discrete time, which may create the chattering phenomenon [19]. This is an
oscillation around the sliding surface which is situated in between the two control structures that are used to
stay on that surface. The switching between the variable control structure introduces some delay in the system,
this may be a problem if it becomes to large. As the ceiling effect was seen to be abrupt and aggressive to much
of a delay can lead to crashing before the controller can react. Stability can once again be guaranteed via a
Lyapunov analysis [20].

A nonlinear optimization controller is the Nonlinear Model Predictive Controller (NMPC). As the word pre-
dictive already hints at this controller tries to predict the future up until a set prediction horizon. Once again
this method optimizes a cost function that can be subjected to constraints. The optimization method tries
to solve a non-linear, non-convex problem which is a challenging task, thus being a computationally intensive
method, which may lead to issues in run time during real time application. A disadvantage of this method is the
difficulty of handling time varying parameters as exact system knowledge is required for the prediction model,
thus also needing full state feedback. This also implies being sensitive to disturbances which are not taken into
account within the prediction model. The constraints are a pro of this method, for example a constraint can be
set on maximum motor current that may be provided such that controller takes into account the limits of the
system [17].

Another strategy that is able to deal with uncertain parameters is the adaptive control method. This method
can adjust to an uncertain system to meet specific requirements [17]. This strategy is mostly combined with
another control strategy and is then composed of a controller part and the parameter adjustment part. Due
to different techniques for adaptation of the parameters, for example least square fitting, the method can vary
in computational load. It is however an interesting method for dealing with the aerodynamic effects, as the
rotors delivering different amounts of thrust in the different effects, implying different motor parameters during
flight time, to which an adaptive method can respond. A downside can be poor tracking performance when the
adaptations are not fast enough, either caused by slow real-time implementation or noisy measurements leading
to slow convergence of the estimated parameter’s. This method also highly relies on sensor measurements to be
able to adjust to different conditions. Model dependence relies on the adaptation algorithm chosen [21].

44



A control strategy that has similarities to human thinking is the so called fuzzy control, which uses fuzzy logic.
Unlike a computer that can only categorize something bitwise (0 and 1) fuzzy logic makes it possible to have
multi-valued logic. Due to this categorization it indirectly deals with uncertainties. Rule based fuzzy logic is
a non model based method that uses a set of predefined rules to categorize inputs and from there determine
the corresponding outputs [17]. To create this rules a high level of expert knowledge of the system is needed,
which may for example come from experimental data. Robustness also depends on the experts knowledge of
possible situations that the controller might need to deal with. Moreover determining stability of the controller
mathematically is not possible, thus needing simulations or even test flights which might damage the system
due to instability. An advantage is the simplicity of the structure due to human-like thinking making it easy to
see what the controller is doing [22].

A method that tries to cancel the nonlinearity’s of the system is dynamic inversion. It inverts the dynamics of
the system after which it is multiplied with the system. This linearizes the system and as such makes it possible
to apply linear control techniques afterwards, which are less computationally intensive. This is an advantage
as linear controllers are in general more easy to work with and several tuning techniques exist. The inversion
implicates model dependence [17]. Incremental Nonlinear Dynamics Inversion (INDI) is such a method. It has
the advantage over normal dynamic inversion that it can handle parametric uncertainties better. However a
model of the controls of the system is needed. It is a sensor based technique meaning noisy measurements may
degrade performance [23].

The last method to be discussed is feedback linearization. By using a nonlinear feedback method the to be
controlled system is linearized. This once more makes it possible to use linear control theory for controlling the
system. The linear control solution is converted back to nonlinear domain to control the actual system [20].
Due to linearizing it is sensitive to parameter changes and needs an exact model of the system. It may also
need Lie derivatives during linearization which are difficult to determine and sensitive to external disturbances
and sensor noise [22].

Finally all the controllers are summarized within It shows the advantages and disadvantages for each
of the methods discussed above.
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Table 3.1: Controller overview (|17]-|23])
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3.3 Disturbance Observers and Estimators
One way of describing disturbances is by obtaining a model for them as was seen in Those models
described the aerodynamic effects caused by the boundaries of the flight area, but not all disturbances may
be encompassed by those models. Another way for obtaining information on the disturbances is by looking
into the difference between a sophisticated dynamic model and measurements taken. This section will discuss
several methods for obtaining information on external forces and moments, not using an exact model of the
disturbance phenomena.

3.3.1 Models

A nonlinear disturbance observer (NDO) is developed and used by He et al. [1] to estimate the disturbances
introduced by the ground effect. The observer will estimate the body disturbance torque along all three body
axes, and the body force along the body z-axis. The disturbance forces along the x and y body axis are ignored,
as the ground effect only has an influence on thrust which acts along the body z-axis. Besides that can the
quadcopter not directly influence forces along the x and y body axis due to being an underactuated system.
This design choice may be neglected within the thesis work, as inclusion of the other two body axis may extend
the applicability of the nonlinear observer for detection of collisions. The observer needs several measurements
namely, the Euler angles, angular velocity and vertical body velocity. These are obtained via the onboard IMU,
which has a gyroscope, three linear accelerometers and a pressure senso.

~ . mg
AW

(3.5)

Moreover the motor parameters are needed (ky, kf, km), for which an empirical relationship is used shown
in to estimate k,, after which the other two can be solved, this avoids the need of curve fitting
from experimental motor data which is a tedious process. This method will however be an approximation of
the motor parameters and thus introduce some uncertainty into the observer. The other parameters in the
relationship are mass of the quadcopter m, gravitational constant g and W equals the average PWM command
signal for OGE hover respectively.

The observer is derived from the standard system dynamics seen in which is based of the observer
from Chen et al. [24]. The observer has the assumption that the derivative of the disturbance equals zero (d = 0),
however within simulations it is proven that the observer is able to track fast time-varying disturbances. In
x and u are the state and system input, f the system dynamics and g the system input. Thus the
performance for this type of observer is dependent on how accurately the modeled system dynamics represent
reality.

Z(t) = f(x,t) + g(x,u,t) (3.6)

Another way of creating a force estimator is shown by Kocer et al. [25], namely using an optimization based
approach. As this is an optimization problem it will be computationally more expensive compared to the method
of He et al. [1]. The optimization problem is described by [Equation 3.7| and [Equation 3.8) which uses a discrete
time system formulated by The solving approach is adopted from work by Kiihl et al. [26]

J Jj—1
. ~ _ L L—-1
min E yr—h(xr, w3 +E wil[fy+1EL—ZL| 7 . Z
Tr Wk = H ( ’ )HV = || HW H HPL arg min ||yk o h(ﬂfk,Uk)”%/ + ||wk||%/[/
= = Tk, Wk
k=—o00 k=—o0

(3.7a) (3.85)

st i1 = f(og, ) +wi, Yo €[0,...,5—1] (3.7b)
st kg1 = f(zp,ur) +wi Yk €10,...,5 — 1] (3.8b)
Yk = h(zg,ur) + vk, Vk €0, ..., 7] (3.7¢)

Tonin < Tk < Tomaz (3.7d) Yk = h(zk, ur) +vg Vk € [0, ..., j] (3.8¢)
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Try1 = f(Tr, up) +wp (3.9a) Yk = h(@p, ur) + v (3.9b)

wy, 18 process noise, VA W are covariance matrices of the measurement and process noise. x the state update
equation with system dynamics f. y; the output with h being the measurement function. k indicates the time
step, the hat indicates an estimate and the bar is the estimation value which is provided by solving [Equation 3.8]
the weight matrix Pj, is also calculated via this equation. It can be solved with linearity assumptions, e.g.
Kalman filter. Z A Py, are then used in to solve for the final state estimation . The optimization
is done over a certain horizon with N measurements (L = j — N + 1) such that the problem is constrained to a
fixed data size and thus does not become intractable. Looking at the states included in the needed
measurements are position, velocity, attitude angles and thrust force. These measurements are obtained via an
external camera system during the experimentation phase. Once more this method is model based and thus
performance depends on accuracy of the dynamic model, however the optimization will be better in dealing
with uncertainties as it tries to find the optimal state.

Tomié¢ and Haddadin [27] developed a framework for estimation of the external wrench on a quadcopter which
is different opposed to the other methods. Their final method is a combination between momentum and
acceleration based techniques. The combination is formed such that directly measured values can be used,
which are obtained via onboard measurements. The momentum based technique is used for estimation of the
external torques and the acceleration based technique for estimation of the external forces. Both methods are
based of the quadcopter dynamics written in Lagrange form, which is comparable to starting point of He et al.

[1]. The hybrid technique comes down to [Equation 3.10f which is visualized in [Figure 3.12

= 1.
(:13
P — mRTab — BT Y with ab = Ry, (i — f—*‘ o | e e [ mk] l
fe=mRy;a° — Ry, f° with a” = Ry;(d — ges) (3.10a) | robar NPy . S+K;{ 7.

External force
Te

External torque

m? = K" (Iw — /Ot(m + (Iw) x w —mb)ds) (3.10b) - i

Figure 3.12: External wrench estimator block diagram
e = REmm® (3.10¢) 127-

fe and M. are the estimated external forces and moments, expressed in the inertial frame. m is the quadcopter
mass, I the inertia matrix, f the control forces in body frame, w the angular velocity and lastly Rp; is the
rotation matrix from inertial to body frame. Then a® is the acceleration measured in body frame for which, a
equals the linear acceleration in inertial frame, g the gravitational constant and ez is the unit vector in inertial
z direction. Lastly K is a gain that can be tuned for optimal performance. Within the force estimator the gain
acts as a tuning parameter for the first order filter, which is applied to the data from the linear accelerometer to
reduce noise. The only two measurements needed within this estimator are the acceleration and angular velocity
which can both be obtained via the onboard IMU as was the case with model from He et al. [1]. Moreover the
control forces are obtained from a controller, dependent on the controller these forces may need to be converted
from PWM to thrust, which implies the need of an accurate actuator model. As with the other techniques the
quadcopter model is an important factor for the performance of the estimator.

Lastly Mckinnon and Schoellig (28] introduce anther method for estimation of external forces and torques,
their method is based on an Unscented Kalman Filter (UKF). This filter consists of two main steps. First the
prediction step, it predicts the state of a system based on measurements, actuator outputs and a dynamic model.
The second step is the correction step in which the estimated state is updated to better explain the observed
response of the system, namely by incorporating external forces and torques. The discrete dynamical model that
is used assumes constant values of the parameters (states) in between time steps. Once more process noise is
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taken into account (this models uncertainties, e.g quantization errors). The external force and torque dynamics
are modeled as random walk, for which the covariance matrix is a design parameter, in which a low covariance
implies slowly changing external forces and torques, and vice versa. Moreover when a purely diagonal covariance
matrix is picked it implies that the forces and torques vary independently. The measurements needed for the
model are the position and quaternions (quaternions are used instead of Euler angles), which are obtainable
via onboard measurements. For the full mathematical explanation of the UKF see the work of McKinnon and

Schoellig .

3.3.2 Performance
He et al. show no direct performance results for the stand alone nonlinear observer. They extent a PID
controller with the nonlinear observer to increase performance, this will be discussed infsection 3.4} The nonlinear
observer is implemented onboard their Crazyflie platform, thus being computationally lightweight enough for
real time performance. Kocer et al. also do not provide performance results of the optimization estimator
separately, but also combine it with a controller, this will also be discussed together with the controller in

kection 3.41

shows results of a force estimation using the method from Tomi¢ and Haddadin [27]. The experiment
was conducted with a AscTec Hummingbird quadrotor. The external wrench estimator was running on a
remote computer, and the measurements were obtained via a motion capture system, which provides more
noisy acceleration and angular velocity data than onboard sensors might provide. As the goal of the thesis
work is to implement everything onboard an MAV and thus using onboard sensors, for which the measurements
might be less noisy, which then might lead to better results. The results from the experiment shows a relatively
smooth estimate with a small delay compared to the ground truth.

- .fre.z'
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Figure 3.13: Force estimation result by model from Tomié¢ and Haddadin .
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Figure 3.14: External wrench estimator performance
when suspending a 53 gram weight under one of the

MAV'’s rotors .

[Figure 3.15] and [Figure 3.14] are the results from the work of Mckinnon and Schoellig [28]. The experiments
were conducted using a Parrot AR. Drone 2.0, with attitude and position measurements being provided by
an external camera system. Once again the calculations are not done onboard of the drone. is
obtained by suspending and removing a 53 gram weight underneath one of the rotors. They reach a rise time of
approximately one second and both estimated force and torque show quite some fluctuations, which may cause
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oscillatory flight behavior. Then shows a comparison of the UKF method to a nonlinear observer,
which has similarities to the one from He et al. |1]. The nonlinear observer needed extra low pass filtering to
function properly. The UKF shows to have a shorter rise time and especially within the torque estimate have
less oscillation within the estimate.

3.3.3 Discussion

A commonality between all the methods is making use of a dynamic model of the MAV, thus all being model
based. However due to different approaches one method might be more robust than another. The optimization
method, tries to find the best estimate for each time step, thus considering several solutions. This approach
is computationally expensive, and thus may not be easy to implement on an MAV due to hardware limits.
The other methods explain the difference between the dynamic model and the measurements by setting them
equal to the external disturbances, which is thus not a multi solution approach. This is computationally less
expensive. Uncertainties in the dynamic model may influence the performance of the estimators, as mismatches
between model and reality might lead to higher external disturbance estimates. When choosing to use such a
method it is thus important to know the limitations and assumptions on which the dynamical model is based.
This will provide insight in what forces/disturbances are not considered and thus will included in the estimate
(as that explains the difference between reality and the model).

Another aspect that is important to discuss is delay. From the performances that were evaluated it could be
seen that there exists a delay between the actual disturbance and the estimate of that disturbance. This delay
occurs due to the time needed for the computations and filtering applied to the measurement data. If the delay
is too significant the estimation may be correct, but holds for something that has occurred to far back into
the past. This will cause the controller to have a high response time which might cause instability and maybe
even a collision. Especially within the ceiling effect the delay is an important aspect, as it occurs close to the
ceiling introducing high amounts of extra thrust. This aggressive effect makes it that the system has only a
small amount of time to react before it might hit the ceiling. So for the thesis work a small delay is favored.

Lastly some comments about the used measurements within the different estimation techniques. Between the
methods the measurements are quite similar, with a commonality being the attitude. Either provided in Euler
angles or quaternions, with the latter having an advantage of not including any singularities. However this
comes at the cost of an extra normalization step [28]. With most needed measurements being obtainable via the
onboard IMU, the position is one which is more difficult, as either a camera system is needed or an integration
of acceleration needs to be done, which has a drift and needs a reset every so often. For the thesis work relative
distance sensors for obtaining the relative position to obstacles may be used. This means that adaptations to
the methods which use position will be needed.

3.4 Controllers Used in Literature
With the main objective of the thesis work being the development of a controller it is important to look into
strategies used by others. With the information from the previous sections on aerodynamic effects, general
control strategies and modeling disturbances several approaches will be explained and discussed. Within the
discussion important aspects such as computational complexity, needed measurements and real time implemen-
tation and testing will be highlighted. Those are important for coming to a final design in which aspects of the
discussed controllers may be combined.

3.4.1 Models
The aerodynamic model seen in and nonlinear observer discussed in are used by He et
al. [1] to improve the performance of a PID controller. As a PID controller by itself is not robust enough to
handle the ground effect, which is the main focus of his research. The control scheme can be seen in
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Figure 3.16: PID controller extended with disturbance observer block diagram \l

Overall the controller is a cascaded PID controller, outer loop position control and inner loop attitude control.
The NDO is added within the inner loop, estimates a disturbance force, transforms this into a PWM signal
which is subtracted from the PID controller generated signal to counteract the ground effect. Moreover the
ground effect is added into the quadcopter dynamics, taking into account the extra thrust generated when close
to the ground for simulation purposes. The controller needs measurements of position, z-body axis velocity
(nonlinear observer), attitude and angular velocity. For the experiment performed on the Crazyflie platform,
the controller from is implemented onboard. During testing the IMU provides attitude, angular
velocity and z-body axis velocity (fusion of accelerometer and barometer), and an external camera system for
obtaining the position.

Sanchez et al. implemented three different types of controllers for investigating partial ground effect flight.
This means that not the entire quadcopter is under the effect of a ground plane, thus inducing only extra thrust
on some rotors which causes disturbance torques. The three controllers are the following. First of all a standard
cascaded PID controller, secondly an estimated torque controller and lastly a feedforward scheme based on
rotor height. The PID controller is used as a base reference for performance comparison with the other two
controllers. The estimated torque controller makes use of an observer that is derived in a similar fashion as the
one used by He et al. The control scheme is seen in The second feedforward controller will use
distance measurements from each rotor to the ground to prematurely estimate the induced thrust, such that the
torque disturbance can be partially compensated, with the control scheme seen in Both controllers
provide a disturbance force which can be mapped to a motor command and thus being taken into account by
the attitude controller (PID).

Att. ref. | Attitude o) q Att. ref. Attitude U 4
controller Quadrotor 7 controller Quadrotor
Far
. Fgg
Disturbance
observer
Feedforward

Map/sensors

Figure 3.17: Estimated torque controller scheme \|
Figure 3.18: Feedforward controller scheme .

Experiments were conducted using a PQUAD MAV. It weighs 1200 grams, and has rotors with a radius of 12
centimeter. This is much bigger than an MAV that will be used in the thesis work and will in general have
more computational power. Moreover none of the controllers were tested in free flight conditions, only on a
test bench where the quadcopter was constrained in both roll and yaw (thus not representative for six degrees
of freedom flight). For the measurements no sensors are mentioned, but from the controllers the following can
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be concluded. The state from the dynamic model consists of position and attitude. Considering full state
feedback these states need to be measured. Moreover the estimated torque controller uses the first and second
derivative, thus velocity, linear acceleration, angular velocity and acceleration. The feedforward controller needs
the distance to the ground plane which can be measured using a laser sensor or ultrasonic sensor, dependent on
their accuracy the performance will be influenced. Tomié and Haddadin [27] created a table seen in
which shows how several states can be obtained using different sensors. The position may be obtained via an
camera system or by double integration of the acceleration.

| Sensor | 7 |w ][ 7] @]
Accelerometer - - . -
Gyroscope - e | - | o
PX4FLOW ANl e | - | o
IMU-odometry fusion N e | o] 0

Figure 3.19: Measurements provided by sensors which can be fitted onboard an MAV [27]. 7 velocity, w angular
velocity, 7 linear acceleration and w angular acceleration. PX4FLOW is an optical flow based technique, thus
using a camera. Odemtery also makes use of a camera. The black dot means directly measurable, open dot
obtained numerically and the triangle means it can be estimated.

Wei et al. [16] developed a controller using an inner loop full state feedback LQR controller, with an extra
feedforward controller. This will stabilize the MAV and track attitude commands. Then the outer loop is a
PID controller, with an added Model Reference Adaptive Controller (MRAC) to mitigate the ground effect
in z-direction. The MAV dynamics are linearized around hovering equilibrium state, which decouples position
and attitude dynamics. The LQR controller uses the Tait-Bryan angles and body angular rates as inputs and
then outputs the motor control signals. It stabilizes the vehicle and rejects disturbances. The feedforward
inner loop receives attitude and thrust commands and maps this to motor control signals. By adding both
outputs of these controllers the final motor commands are generated. The gains and weight matrices used by
these techniques were tuned using Matlab. Then the outer loop PID controllers takes inputs position error and
yaw angle command, translates this to Tait-Bryan angles and thrust output. Once more tuned via Matlab.
Finally the MRAC was added, which is an adaptive control method and thus deals with uncertainties and
external disturbances when flying IGE. It adds an extra unknown matched system term to the dynamical
system, which is a linear combination of N provided locally Lipschitz-continous basis functions with unknown
constant coefficients. For determination of the coefficients a reference model is created. The reference model
is obtained via the Matlab System Identification Toolbox, which created a state space system for the vertical
dynamics of the MAV when flying OGE (z-position and velocity). This model will recreate the wanted behavior
of the system which the adaptive system needs to try and match. The summarized control scheme can be seen
in Within the experiments the position control was run from a ground station (outer loop) and
the attitude control plus state estimator (inner loop) was run onboard the Crazyflie MAV. The position was
provided by an external camera system, the Tait-Bryan angles and angular rates by the IMU.

il
Xe, ye, Ze, \ic
———— PID Controller Pa.r LOR Feedback
Controller

+ +

7, 7, VI + £ e, lc, ye, Te — e oWt
—| MRAC ) Fb‘c.dinm ard ;
-y Controller & >

Figure 3.20: Control architecture from Wei et al. |16].

A nonlinear control method is used by Kocer et al. [25], being the NMPC. The control loop is shown in
A NMPC is used to create desired attitude angles and thrust force, after which a cascaded P and
PID controller control the attitude to the desired position.
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Quadrotor

Figure 3.21: The closed loop scheme: a force estimation-based NMPC approach .

The NMPC is an optimization function which minimizes the sum of squared state error and input error.
Which are based of the reference trajectory and nominal control input. It then outputs the optimal input
commands (attitude and thrust force), where the attitude goes into the cascaded PID controller and the thrust
is immediately fed into the control allocation matrix. As this control method is combined with the nonlinear
force estimator discussed in the same measurements are needed, being position, velocity, attitude
angles and thrust force. During experiments the NMPC ran on an external computer. This external computer
uses software developed for solving nonlinear optimization problems. As the name already implies the method
is highly dependent on the model of the MAV as that is used to find the optimal behavior. An advantage is
the ability to include constraints, which make sure that the inputs for the MAV are already bounded and no
action is asked of the MAV which it may not be able to do, like command asking more thrust but the motors
not being able to generate that.

Smeur et al. developed a controller based on dynamic inversion to counteract gust disturbances (thus not
specifically the aerodynamic effects that play a mayor part within the thesis work), but still found applicable as
the aerodynamic effect is like a gust. The used inversion technique is the INDI. Both an inner and outer INDI
controller are developed, both start by linearizing the quadcopter dynamics via a first order Taylor expansion.
The measurements that are used within the controller are filtered to remove noise. As the terms in the controller
all need to be from the same instant in time and the filter introduces delay, other terms that are not obtained
via measurements need to have the same filter applied. This is important for the correct functioning of the
controller. Additionally to the controller a Least Mean Squares (LMS) algorithm that adapts the control
effectiveness matrices is used, these matrices contain the effectiveness of each rotor on each axis (roll, pitch,
yaw). The inner attitude INDI and outer linear acceleration INDI are than once more enclosed by an PD
controller to track position. This is the benefit of the dynamic inversion to which a linear controller can be
applied such that linear tuning techniques can be used. The controller needs info on the thrust value which
is gathered from experimental setup in which RPM vs Thrust curve is created. This is the part in which the
thesis work may differ, as for the aerodynamic effects the thrust is affected, thus by using for example ground
effect models this curve can be altered and better estimates of the thrust value for IGE are provided. Other
measurements used by the controller are linear accelerations and angular rates.

3.4.2 Performance

The flight test conducted by He et al. is an oscillatory flight which moves into and out of the ground effect. The
first two figures (a) (b) in show the performance of the PID controller without the NDO. The PID
shows good tracking performance when flying completely OGE, but when it needs to get close to the ground
it fails, as it cannot compensate the extra thrust provided by the effect. This is expected behavior as a PID
controller is tuned for the OGE condition and does not adapt to other situations when the gains are fixed,
the integral gain may converge the response but is not fast enough within this experiment. When the NDO
is switched on the tracking behavior is improved as seen in (c) of When the MAV gets close to
the ground the tracking is less smooth but it is able to get to the desired position. This is due to noise from
the IMU measurements and due to subtracting the PWM generated by NDO from the PID which is a linear
operation, but the thrust to PWM relation has a quadratic shape which is a nonlinear function. The drop when
the NDO is switched on is caused by modeling errors (motor parameters, inertia vehicle weight) this introduces
an initial error which takes time to correct for.
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Figure 3.22: (a) and (b) is the tracking performance of PID controller, (c) is the tracking behavior of NDO
controller, making use of the Craziefly MAV .

As no flight experiments were conducted for the feedforward and torque observer controllers by Sanchez et al
results were taken from performed simulations. Within the simulation the ground effect was modeled using
and a linear relationship for area of a rotor IGE and extra thrust gained was used to take into
account partial ground effect. The simulation commanded the MAV to fly over an obstacle at low altitude such
that ground effect appears. The results can be seen in A standard PID controller is not even able
to go over the obstacle with one rotor in ground effect causing an oscillation at the edge of the obstacle. The
torque estimator is also not able to reach the reference but got rid of the oscillatory behavior. This is also seen
in the pitch angle results, where the initial disturbance is similar to the PID controller, but afterwards it is more
or less constant with some small spikes which may be caused by sensor noise. The feedforward controller does
reach the reference with almost similar flight result compared to OGE flight (small steady state error exists),
both in flight path and pitch angle.

X 7]
3 3 T T T T T T
A<
__25F
= oL
1‘5 L L L L L L
15 20 25 30 35 40
Time (s) Time (s)
= Obstacle — x PID — 0 OGE — OQETC
- -~ Reference — x ETC —— OPID —— 0 EC “feedforward”
— x OGE —— x EC “feedforward”

Figure 3.23: Tracking performance and pitch angle comparison for partial IGE flight simulations .

With flight experiments conducted by Wei et al. the controller was tested, for which shows
some results. The experiment conducted was a takeoff and landing procedure. What can be seen is that the
PID controller has a very long rise time and does not reach the desired altitude within the recorded time as seen
in (a) for the take-off. Similarly within the landing the PID controller slowly descents, thus having difficulty
dealing with the extra disturbance thrust. The MRAC controller however is able to perform both a take-off
and landing for the set references within approximately ten seconds. The MRAC with linear basis functions
has a slower rise time compared to usage of nonlinear RBF basis functions. From all the experiments it was
found that the MRAC in general reduces rise time by 80% compared to the PID and the RBF basis function
also cause the mean square error and rise time to be 45% and 15% less respectively compared to linear version.
For computational cost the RBF needs to update seven parameters compared to only two for the linear version.
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Figure 3.24: Controller performance for take-off (a) and landing (b) flight for a height of % =2 .

Kocer et al. also performed flight tests to validate the NMPC controller, aided by an optimization force
estimator. The results for a flight with a distance of only % = 1 can be seen in This shows that
without the force estimator the NMPC is not able to fly up to the reference height, but when the estimator is
switched on it only takes a split second to reach the reference altitude. Within the results quite some oscillation
can be seen, this implies the controller has difficulty to counteract the ceiling effect, which may be caused by
the uncertainties in the model used within the optimization. Delay within the estimation used to counteract
the effect may also induce oscillation, as the controller is always responding to an effect from the past.
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Figure 3.25: Close proximity flight using NMPC controller for % =1 .

Lastly the performance of the INDI controller by Smeur et al. [29], which was developed to counteract wind
disturbances. shows outdoor flight test results using an INDI or PID outer-loop controller, both
with an INDI inner attitude loop. The flight was a take-off and hover in windy outdoor conditions, using a
GPS receiver for obtaining the position, and other measurements retrieved onboard. What can be noticed
immediately is that the PID is not able to cope with the disturbance induced by the wind after take-off and
shows a high drift for the position when getting of the ground. The INDI also has a small drift but does not
show a large change in error after the initial drift, and thus shows higher disturbance handling performance.
During one of the experiments however the state estimator did not converge before take-off, causing bias in the
accelerometer data which detriments the performance. Moreover some of the INDI tests showed a larger error
compared to the one seen in this was caused by the acceleration data not corresponding to velocity
and position data obtained via the GPS. This was due to errors in GPS measurements.
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Figure 3.26: Outdoor test flight in windy conditions using a Parrot Bebop [29].

3.4.3 Discussion

Most models shown before are in some way or shape based on a model. One form for a model is making use
of an equation which describes an aerodynamic effect. To obtain that model, the authors perform experiments
to obtain data for the effect for their specific platform. This data is then fitted to one of the models shown in
This will make the controller restricted to that used platform. The other methods are more based
on the drone dynamical model, which also depends on geometry parameters but those are mostly already known
and thus no experiments are needed, this is an advantage over the aerodynamic model method. The motor
parameters which describe conversion of power into thrust might need some experiments if no data is available
as was done by Smeur et al. |29].

A PID controller or similar is used widely within the elaborated methods. As that type of controller is simple
to implement and easy to tune as was discussed in It is however combined with other methods to
increase robustness and effectively counteract disturbances. The shown combinations are with observers, feed
forward, adaptive, model predictive and dynamic inversion. With most controllers using the PID controller
within the inner loop controlling the attitude of the MAV. The attitude control is a fast dynamical system and
thus even though the PID is tuned for one equilibrium point it is able to follow commands well enough in other
situations.

Most discussed controllers have shown that they are able to control the MAV within the situation for which they
were designed. Several factors are important for the controller that will be designed in the thesis work. First
of all delay, which causes a sluggish system, if it is too large. The delay can be created due to several reasons.
The computational time of the controller, as for example solving an optimization method done in the NMPC
will probably take more time (as it is somewhat of an iterative approach) compared to the feedforward method
using an model for the aerodynamic effect which just calculates a result by plugging in values. Moreover with
most methods not being run from onboard the drone the real time onboard performance may decrease compared
to the shown results. As the MAV will most probably have less computational power compared to offboard
computers. Besides computational time, filtering of measurement data will also introduce delay. Dependent
on how dependent a method is on measurements the amount of filtering will vary. For example the INDI is
a sensor based method and accurate measurements are important, as performance degradation was seen when
the GPS and accelerometer provided data which did not match. This means that unbiased, no noise data is
wanted which will require more extensive filtering introducing more delay. A method like the LQR optimizer
might be less affected by noisy data as it tries to find the optimal situation.

All the controllers need measurements from the MAV platform to gain knowledge of the current situation.
Attitude angles and angular rates are used by all methods, likely to be needed in the final design. The authors
have shown to use different methods for obtaining those, either using onboard (IMU) or an offboard camera
system. For the thesis work it is important to use as much onboard measurements to create a system that is
independent of its environment. This will put constraints on the sensors, as mass, power usage are important
factors, as they will influence MAV flight time performance. Moreover carrying the sensors onboard might
influence there accuracy, for example propellers may introduce vibrations into the MAV body which can lead to
extra noise in the measurements. He et al. |1] has shown an onboard IMU is able to provide the attitude angles
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and angular rates accurately enough to reach the goal of their work. The position is also needed by all methods
to perform a flight, and is always obtained via offboard system within the shown research (except onboard
GPS by INDI [29]). As the focus of the thesis work will be on stable autonomous flight and not specifically
in path planning and navigation it is likely that the position is obtained from offboard sensors. As obtaining
position from for example accelerometers is possible via integration of the data, it is vulnerable to drift and
needs a calibration once in while to counteract this, which may be done via an onboard camera and known
environmental map. This is however a whole other field of research and beyond the scope of the thesis objective.
The thesis work might however use relative position sensors like ultrasonic sensor within the controller to obtain
distances from the environment, for usage in aerodynamic disturbance handling.

Finally as a summary for the controllers provides an overview of the discussed methods. It includes
the following information, first of all the type of controller. Secondly if the controller is implemented onboard an
actual MAV, as this is the end goal of the thesis work. If the controller is already implemented once, it provides
more certainty that the computational cost of the method is not to large to fit on a small MAV platform,
increasing the chances of success. Then the main design choices and parameters are shown. This provides an
indication of how much of the controller can be adapted to fit the situation better and will be an indication for
the amount of work to fit a certain controller to a certain platform. Lastly the measurements needed by the
controller are provided, this will provide an indication for the type of sensors that er needed.

Table 3.2: Controllers from literature summary.

Controller Onboard Implementation Design Choices/Parameters Measurements

PID + Nonlinear Observer |1]

Yes: Crazyflie

Aerodynamic model C, A Cy,, PID
gains, observer gain and matrix, motor parameters,

Position, z-body velocity,
attitude angles and rates

Torque disturbance observer |10]

Yes: PQUAD (large MAV)

motor parameters, observer matrix

Position, linear/angular velocity,

linear/angular acceleration
Position, linear/angular velocity,
linear/angular acceleration,
distance to ground plane

Feedforward |10 Yes: PQUAD (large MAV) Aerodynamic model K}, motor parameters

. . Aerodynamic model, LQR weight matrices, s . .
LQR Yes: Crazyflie motor mapping gains, PID gains, MRAC basis function, Position, attitude angles,

LQR + MRAC + PID (16

MRAC No MRAC reference model angular rates
NMPC No Estimation Horizon (time step), PID gains,
NMPC [25] Optimization weight matrices, constraints Position, velocity, attitude angles and thrust
1 PID Yes: DJI F450
(e.g. max throttle)
INDI [29] Yes: Parrot Bebop Filter gains, PD gains, Thrust conversion, RPM, angular rates,

linear accelerations

Online adaptation scheme

3.5 Collision Detection

When flying in small enclosed areas collisions are tried to be avoided but this may not exclude them completely.
It is thus also important to investigate methods that might be able to detect a collision and provide a strategy
for recovery.

3.5.1 Models

Besides the development of an external wrench observer Tomié¢ and Haddadin [27] also developed a technique
to detect collisions. For the collision detection they extrapolated four phases: detection, classification, isolation
and reaction. The first phase is using the external wrench observer force estimation as explained in
By setting a threshold on the force, both light and harsh impacts can be detected. As this might be sensitive
to noise and modeling errors, a highpass filter is applied. The next phase, namely classification of material for
the collision surface is neglected, as it is not within the scope of the thesis objective. Then the third phase is
isolation in which the contact location is obtained (contact point on MAV). First of all it is assumed that there
is a single point of contact and that the contact force is pointing inwards. The contact force generates a torque
on the MAV and has a certain arm on which the contact point must be located. By intersecting the convex
hull of the MAV with (which describes the torque arm) the point of contact can be found. Using
this point a plane can be generated which describes the orientation of the collision surface, being normal to the
MAV.

fexme P
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Within |[Equation 3.11 fe A, are estimated external wrench force and moment, Ry; rotation matrix from inertial
to body frame, « is a free parameter which will be negative for collision in free flight and lastly r. is the arm
of the generated collision moment. Then the last phase, reaction. For the reaction different approaches can be

Te = Ry( (3.11)
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taken. The responses seeming most useful for the thesis work is either stopping when a collision is detected
or performing an equilibrium bounce. The stopping strategy may be useful when flying through small areas
with tight margins to the environment, thus implying that backing up after a collision is not an option and
might result in another collision. The bounce strategy can be used in areas where the margins are larger. That
strategy uses the collision plane and the normal vector. It will create a trajectory along the normal vector away
from the collision plane. This new path will then be followed by a controller. A fuzzy logic based strategy is
used by Dicker et al. [30]. The entire collision recovery system is seen in It comes down to three
main phases: detection, characterization and recovery. Within this pipeline, quaternions (¢), accelerations (a),
angular velocity (w) and vertical velocity (Z) are used to find a solution.

Collision Recovery Pipeline

|
Fuzzy Logic |
—}>{ Quadrotor

I

I

I DC: llmlpn —= Collision Rcboo;reriy

: ashion Characterization | €1t/ e |
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€, Aace 4, Agee, @ 4 @, Z

Figure 3.27: Collision recovery pipeline using fuzzy logic |30].

First of all the detection, which uses accelerometer measurements. For now their method only detects horizontal
collisions, it may be investigated later within the thesis work if vertical collisions can be detected in a similar
manner, when they are needed. To detect a collision the acceleration measurements in x and y direction are
rotated from body to inertial frame and corrected for gravity. Then using a threshold on the obtained value
will be used to detect a collision. The normal vector to the collision plane is estimated using [Equation 3.12

. lax,ay])”
EN = 77~ = 7 (3.12)
II[ax, ay ]|

For which ép is the collision plane normal and ax A ay are the acceleration measurements. Noise has once
again an influence on the collision detection which must thus be taken into account when setting a threshold,
they chose one g as the threshold. The characterization phase will determine a Collision Response Intensity
(CRI) value which is between —1 A 1 and tells the response (flipping away or towards the collision surface) and
magnitude. To determine this CRI value a fuzzy logic process is setup. The fuzzy logic process is as follows.
The inputs seen in are scaled and classified via a membership function, which comes down to a
graph consisting of triangular and trapezoidal regions mapping inputs to their degree of membership. Linear
segmenting is chosen as this is computational lightweight, thus considering real-time implementation. These
graphs are created for their specific platform, as a different platform will respond different to collisions (higher
mass MAV might have lower responses for example). Then using a set of rules which are set-up using knowledge
of the system and performed experiments [31], the four input degree of membership values are combined and then
used to obtain a CRI value. This is once more done using a graph which maps the degree of membership of the
combined inputs into a CRI value (linear regions). Then the last phase is the recovery. The CRI value obtained
from the fuzzy logic process is mapped into a reference acceleration magnitude, which is then oriented along
the wall normal. The mapping is done using a single proportional gain. Then using the reference acceleration
orientation and magnitude, correcting it for gravity the desired acceleration is obtained and mapped into body
rates which can then be controlled via an attitude controller.

3.5.2 Performance
The performance of the first method by Tomié¢ and Haddadin [27] is shown. First of all the normal vector
calculation is tested within a simulation, for which results are shown in The MAYV is modeled using
eight rectangular faces. As can be seen the normal approximation is quiteF accurate except for the horizontal
case, which is due to geometric approximation of the MAV. The approximation has the bottom surface already
five centimeters below the actual contact point causing a systematic position error. The expected collisions
within the domain of the thesis are the straight and vertical ones, thus being less accurate for the horizontal
case is of less importance. Secondly a collision flight experiment was conducted in which an MAV (AsTec
Hummingbird) collides with a polystyrene block. Only the attitude controller was running onboard, thus the
external wrench used for collision control was running on an external computer. For measurements an external
camera system was used which obtained position and attitude. shows the results for several different
control approaches (no reaction, stop, bounce and impedance controller), of which the stop and or bounce are
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the interesting ones. Even though the collision detection is highly filtered it is able to detect a collision, for
which both the stop and bounce method recover the MAV (PID control), the no reaction procedure ended in a
crash.
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Figure 3.29: Collision reaction experiment using
polystyrene block. Showing position, external force es-
timate, external moment estimate and collision trigger
signal (top to bottom). The shaded area shows the
instant of the collision [27].

Next up is the performance of the method from Dicker et al. [30]. For validation of the fuzzy logic CRI value
a Monte Carlo simulation was run for a 1000 simulations in which an impact orientation was randomized with
different attitude angles and velocities. The results are shown in This shows that a higher CRI
value does correspond to a collision with a higher horizontal angular velocity, thus the CRI does provide an
indication of the harshness of a collision. Other experiments for the total recovery system were also conducted.
The control strategy for these experiments was based of work from Faessler et al. [32] (aggressive control
approach for stabilizing an MAV after being thrown in the air). Measurements were taken from the onboard
IMU, for attitude and altitude estimates. An external camera system was used for position and orientation,
which were then used to estimate the velocity. The results for 11 trials with an collision inclination of 15 degrees
is seen in It can be noticed that the recovery pipeline reacts aggressively by inducing an opposing
pitch of 40 degrees, after which it is reduced to zero and stabilizes (this is due to adapting aggressive control
strategy from Faessler et al.). The pipeline does however stabilize the MAV successfully each time for their
experiment.
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Figure 3.31: Pitch angle results for inclined collisions
and recovery from flight experiment .

3.5.3 Discussion

Two different methods for detecting a collision have been shown. They follow the same procedure but use a
different state for the threshold. One of them used the accelerometer and the other one an estimated external
force. This external force can be calculated using an observer from which then indirectly also uses
the accelerometer. Dependent on the controller design and thus if such an observer is already implemented
both methods may be used, but if no observer is implemented the accelerometer method is preferred. With an
observer both methods may even be used simultaneously to create a more robust detection system, this might
be investigated later in the thesis work if the observer strategy is chosen.

Then for calculation of the normal plane the method from Dicker er al. , using the accelerometer is simpler
compared to the one from Tomi¢ and Haddadin [27]. As the information from the accelerometer could directly
provide the collision planes normal as shown by [Equafion 3.12] This is preferred as it is computationally less
expensive. However no results of this estimation were shown, compared to simulated results by Tomi¢ and
Haddadin in which showed promising results.

Lastly the method for recovering after a collision is detected. The fuzzy logic process is quite extensive and
difficult to set up. As experience and expert knowledge of the system are necessary to set up the fuzzy logic
rules to end up at the CRI value, which were adapted from an extensive research work by Chui . As within
this work collisions are tried to be avoided and the main focus of the work is achieving stable flight the stop
or bounce strategy from Tomié¢ and Haddadin [27] is preferred, as it is much simpler and faster to achieve.
In combination with proximity sensors which can also provide information about where the collision plane is
situated relative to the drone a control signal can be determined which drives the MAV away from the wall. Or
in a situation where margins are small the MAV can just stop when collisions is detected and stabilize directly.
This may however not be possible without moving a little back as contact with a wall may restrict motion
in some directions. Moreover a warning signal can be provided by proximity sensors when coming close to a
boundary, which may be used to adjust the control policy by restricting motion in one direction.

3.6 Sensors

During the discussion of the observers, controllers and collisions detection techniques two mayor systems parts
which contain sensors are mentioned already. The first one being the IMU, which most of the time contains
an accelerometer, gyroscope and pressure sensor. The second one being the external camera system used for
motion tracking. For the thesis work there will be flown in small enclosed environment, probably unknown areas
in which knowledge of the environment will be key. A simple way of gaining such knowledge is using a sensor
that can provide relative distances with respect to the environment. This section will discuss several proximity
sensors found in literature.

Nakata et al. developed a sensor based on pressure differences. Their work is derived from nature, by
looking at a mosquito. A mosquito can detect disturbances introduced by the environment in his self induced
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flow, which makes it possible to tell if there is a boundary nearby. A small sensor was developed which is shown
in The sensor is tested on a 27 gram weighing Crazyflie 2.0 which proved that the sensor is able
to detect walls when setting a threshold on the pressure differential. The disadvantage of this type of sensor is
the need of pressure tubes at locations where the flow is expected to change most. These tubes need to reach
beyond the propellers and thus are vulnerable to collisions which might lead to damage. Other work from Yeo et
al. used pressure probes to detect downwash flows from other MAV’s nearby, their experimental platform,
also shows that the pressure tubes extend out beyond the propellers to be able to get correct measurements,
being prone to braking when a collision might occur. The drone dimensions also get larger, which increases the
minimum space needed for the drone to fly. Moreover to obtain a distance, data needs to be obtained mapping
pressure differential to distance thus needing experiments.
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Figure 3.32: (A) shows placement of five paired pressure tubes. (B) shows the sensor components (pressure
sensor array, adapted circuit board and microcontroller. (C) Schematic showing internal routing tracks for
probes. (D)/(E) show installed sensor module and MAV platform. (F)/(G) show differential pressure results
for ground and wall .

Lasers based sensors are another viable option for proximity sensing. LiDAR is one sensor option as is used by
Gonzéalez-deSantos et al. . The sensor has an accuracy of up to 1 cm and a range of up to 40 meters, but
below distances of 5 meters the accuracy goes down to 2.5 centimeters which for flying in small areas may be
too rough. Besides the accuracy the sensor is quite large and is not really applicable to the MAV size considered
within this thesis work. A better sized laser based proximity sensor is used by Helbling et al. for estimating
the altitude of an insect like MAV. The sensor uses infrared light to calculated distance based on time between
transmission and reception. The sensor only weighs 20 micrograms which is perfect for usage on a small MAV.
Within the performance of the sensor can be seen. It shows that the sensor is able to track the
altitude accurately for most of the flight, with only a small dip around two seconds is not detected. This might
be caused by a part of the MAV blocking the sensor.
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Figure 3.33: Performance of the laser sensor compared to an external camera positioning system. Red line is
the wanted hovering altitude of the MAV, dashed line is the altitude by the external camera system and the
continuous blue line is the measurement from the laser sensor [36].

Nohara et al. [37] implemented four of those small laser sensors onto a MAV. Three facing outwards in the
horizontal plane and one facing downwards. From experiments it was concluded that the sensors provide data
without a lot of noise. This may have been caused by the sensors being mounted on a Styrofoam block that
encloses the MAV, and thus vibrations introduced by propellers not being of great affect. A disadvantage of
such a laser sensor is the need of a reflective surface for the light. A performance study was performed by
Adarsh et al. testing an infrared sensor on different materials. The results from this test are shown in
Figure 3.34] The standard deviation and correlation coefficient (r) are shown. The correlation describes the
accuracy of the sensor, the closer the value is to one the closer the measurement was to the actual distance.

Ultrasonic Sensor Infrared Sensor (r)
Material Std. , Std. , (US-IR)
Dev Dev
Cardboard 9.3 0.9879 10.6 0.91089 0.88424
Paper Sheet 37 0.2611 20.2 0.97 866 0.20663
Sponge 5.8 0.9868 21.6 078774 0.72976
Wood 10 0.9999 36.5 -0.3291 -0.3285
Plastic 4.3 0.9995 25.1 0.78681 0.78767
Rubber 4.6 0.9938 58.3 0.90998 0.9216
Tile 11 0.9952 23.8 0.73032 0.73085

Figure 3.34: Performance of infrared and ultrasonic sensor on different materials .

It can be seen that the performance of the infrared sensor is relatively sensitive to material compared to an
ultrasonic sensor. Wood is a material for which the infrared sensor is not applicable as the rough surface causes
the laser to be deflected and not reach the sensor leading to wrong data.

A better option may be a combination with ultrasonic senors. An ultrasonic sensor uses sound wave propagation
instead of light to estimate distances. Gageik et al. developed an obstacle detection system using both
infrared and ultrasonic sensors. In total 16 infrared and 12 ultrasonic sensors were used to create a redundant
system. With two different types of infrared sensors (long and short range) used to enhance accuracy. By
applying a data fusion technique the sensors readings are combined to obtain a distance estimate.

Dependent on the controller design and thus needed measurements, different sensors could be considered. Work
in literature has shown that small sensors can provide reliable information. During the design one should
consider the robustness against different environmental materials as laser sensor has shown to be sensitive to
that. Moreover when using multiple ultrasonic sensors, one sensor might catch the sound wave send by another
sensor which may lead to wrong measurements. Thus either sensors must be placed far enough part or the
controller should be able to adjust which sensors are on and off such that this is avoided.
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4 Experiments

Besides an investigation into literature to find out what is already done, two types of experiments have been
conducted. First of all will use CFD software to investigate flow circulation. As all experiments
within were conducted in relatively open spaces, circulation of the flow which might also create
disturbances were not considered. After that will go into a Matlab Simulink simulation to obtain
more experience and information on the use of a PID controller.

4.1 CFD

An important aspect not considered within the literature shown in chapter [3]is the recirculation of the airflow
within an enclosed area. To investigate this effect Ansys Fluent will be used, which is a computational fluent
dynamics simulator. This is a program in which environments can be generated via 3D modeling. Then flow
conditions can be set, such as boundary conditions, e.g. telling that certain parts are walls. It will then simulate
the flow and provide an indication on speed and direction. This will provide an insight in what type of flow
patterns will be created when flying indoors.

4.1.1 Setup

The simulations conducted are representing stationary flight of an actuator disk (representing flow generated
by an MAV). The actuator disk used has a diameter of 20 centimeters and generates a flow that will be able to
lift a 500 gram MAV. This is representative of the weight and size of Parrot Bepop for example used by Smeur
et al. . The flow is generated by setting a momentum source on the disk volume. This will accelerate the
flow such that it acts with constant force on the surroundings. The force is equal to the MAV’s mass. The
simulation will thus represent hover flight conditions. For the disk of diameter 20 centimeters and height of 2.5
centimeters, this equals a momentum source flow of approximately 6250 kgm~2s2.

Table 4.1: CFD mesh parameters.

Mesh Setup Walls | Disk
Maximum Size 0.1 0.01
Height 0.1 0.01
Minimum size limit 0.05 0.005

Figure 4.1: CFD simulation environment setup exam-
ple.

shows the parameters used to generate the computational mesh. Besides the general mesh set on both
the environment and disk area a density mesh is generated for the disk. The parameters for the refined mess
are: size 0.2 and ratio 1.5. This means the denser mesh starts at a size five times smaller and every neighboring
cell has an increase in mesh size of 1.5. shows the setup of the environment for a case where the disk
is placed in the middle of the area. The area is a box with dimensions 2 x 1 x 1 meters (1 x w x h).

4.1.2 Results

Before some of the results are shown it is important to know the limits of the simulation. First of all the
momentum source always generates the same amount of total force onto the flow no matter the location. This
means that propeller efficiency is not taken into account. Meaning a more efficient propeller near the ceiling
which is a cause of the ceiling effect, generating more thrust is not simulated. Secondly no lateral rotation
(circulation caused by rotating propeller) is introduced within the disk, but it is assumed that the overall flow
pattern is presumably similar to a real life situation where the rotation does exist. Thirdly as only one disk is
used compared to four on a quadcopter MAV no flow interaction between different propellers is simulated, once
again simplifying the flow. Lastly no MAV body is created which might disturb the flow. This also means that
no forces acting on the MAV can be obtained from the simulation. Even though there are quiet some limits and
simplifications on the simulation the general flow-field is obtained which provides more insight in how severe
disturbances might be when flying.
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Figure 4.3: CFD simulation middle of the room, 10

Figure 4.2: CFD simulation middle of the room, 15 . o0 00 away from ceiling.

centimeter away from ground.

Figure 4.4: CFD simulation middle of the room.

The first case that will be discussed is when the disk is placed in the middle of the room, either located near
the ceiling, ground or in between. The results can be seen in [Figure 4.2] [Figure 4.3| and |[Figure 4.4] The case
with the disk close to the ground does show a different flow pattern, being less symmetric and showing a lateral
circulation compared to the other two. The middle and upper case show a more symmetric pattern, with a
longitudinal circulation left and right of the MAV. Different from the middle case the upper case also has flow
from left to right, instead of down from MAV along the ground to the wall, back up and then via the ceiling
towards the disk. Looking to the flow velocity all three cases show similar speeds. The flow directly from
the MAV starts around 16 m/s and slows down to around 4 m/s when hitting the ground. Thus the main
disturbance flow has a quarter of the velocity of what the MAV produces, which is still quiet significant and is
expected to disturb the MAV.

Secondly the MAV was placed close to the wall, once again near the ground, ceiling and in between.
|[Figure 4.6| and [Figure 4.7 show the results respectively. Completely different flow patterns arise compared to
the previous cases. This time the lower and upper case show similar symmetric flow patterns. Two longitudinal
flow patterns towards the other side of the room. The flow velocity is once again close to 4 m/s when near the
MAV but approximately half way to the other side of the room it decreases to around zero, with the upper case
having a lower velocity gradient than the lower one. For the hover in between ground and ceiling a
more irregular pattern can be seen. The most significant feature is an upwards flow coming from ground along
the right front corner and than moving towards the back.
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Figure 4.5: CFD simulation near a wall, 10 centimeters

away from wall and 15 centimeters from ground.
Figure 4.6: CFD simulation near a wall, 10 centimeters
away from wall and 10 centimeters from ceiling.
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Figure 4.7: CFD simulation near a wall, 10 centimeters away from wall and in the middle between ground and
ceiling.

Then flight in a corner of the room was simulated. Once more near ground, ceiling and in between. The
simulation results are seen in [Figure 4.8 [Figure 4.9 and |Figure 4.10 This time all three have a comparable
pattern that is created, first the flow moves towards the back of the room along the ceiling and then creates a
single circulating pattern moving along all four sides back towards the MAV. The magnitude of this circulation
seems to depend on the distance from the ground, as the farther the MAV is placed from the ground the
stronger the circulation becomes. Once again the average flow velocity of the disturbance is around 4 m/s.
[Figure 4.9 shows another interesting phenomena, namely the flow seems to be attracted towards the wall after
being accelerated downwards. This is also visible in This might imply that the entire MAV may
be attracted towards the wall.
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Figure 4.8: CFD simulation in corner of the room, 10

centimeters away from both walls and 15 centimeters Figure 4.9: CFD simulation in corner of the room, 10

away from ground. centimeters away from both walls and 10 centimeters
away from ceiling.
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Figure 4.10: CFD simulation in corner of the room, 10 centimeters away from both walls and in the middle
between ground and ceiling.

4.1.3 Discussion

Each of the cases has shown different flow patterns that arise. Overall the main velocity of the disturbance flow
is around 4 m/s, being a quarter of the velocity magnitude directly under the MAV. From the results it could
be seen that each place within the room creates different flow patterns, with some being similar to others, but
also quiet some differences. It provided great insight in what can be expected when flying indoors. For example
when one has flown close to a corner and needs to move to another space it might be easiest to move along
the middle of the room in between ceiling and ground as the main disturbance flow circulates around the walls.
This information can be used during flight experiments as it is now known where the largest flow circulation
disturbances exist, such that the controller needs to be able to either deal with those or avoid them.

4.2 Matlab

To gain some more insight in the workings of a PID controller a simple Matlab simulation was created using the
Simulink toolbox. Within the simulation both continuous time and discrete time controllers were created and
tested, such that the effects and difficulties that might arise could be seen. The simulation will be a simple mass
that can be accelerated using a thrust force. It will be enclosed by a ground and a ceiling and is constrained
to move in one direction (up and down). Furthermore a simple model for the ceiling effect is implemented such
that it can be investigated if a PID controller can be tuned for non collision performance.

4.2.1 Setup
Before results can be shown the simulation setup will be explained and the final controller forms will be shown.
A situational sketch is provided in The main equation determining the acceleration on the MAV
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shown in [Equation 4.1} which is based on Newtons second law.

A
F=m=xa (41)
T_hover T_Controller Rceiling * (Tcontroller + Thover) —mg=m==*a )
d_ceiling
h_ceiling MAV (mass m) e Yo
ig
Y

Figure 4.11: Situation sketch implemented within Mat-
lab, distances and forces shown.

F are the forces acting on the MAV, which consist of T}ge- a fixed amount of thrust that equals the weight of
the MAV, Teonironier @ changing amount of thrust provided by the controller and the weight of the vehicle acting
in opposing direction. Then m is the mass of the MAV, ¢ the gravitational constant and a the acceleration.
Lastly Rceiting is a ratio that indicates how much the ceiling effects the thrust value. Within the simulation the
ceiling effect model from Cheeseman and Bennet [8] will be used described by This is a simple
equation which might not exactly describe the effect but can be seen as a well enough estimate. For the purpose
of the Matlab simulation this mismatch with reality is not a problem as the dynamics of the MAV are also
highly simplified.

Within the simulation two main control strategies will be evaluated. The first one being a position feedback
PID controller shown in The continuous time simulation diagram is shown and it has the following
elements. First of all the MAV starts on the ground and is commanded to a certain height (h-command). Then
the altitude error is calculated which is the input for the PID controller. The PID controller provides the extra
thrust besides the fixed hover thrust which then goes into the actuator dynamics to create some delay in the
system. A corner frequency of 50 radians per second was chosen for those dynamics. Then using
the acceleration acting on the MAV is calculated considering the ceiling effect after which a double integration
is performed to obtain the altitude position, which is then fed back. The output of the PID is bounded to be
between (—10 A 10) newton, as a motor also has a maximum and cannot provide infinite thrust. As the MAV
simulated is chosen to be 500 grams the PID limits are twice the weight of the drone, thus including hover
thrust a maximum acceleration of approximately 3 g can be reached. Moreover the second integrator is also
bounded to not output position below zero (ground) and above the ceiling height.
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Figure 4.12: PID position feedback controller, shown for continuous time simulation.

The other controller scheme can be seen in [Figure 4.13|and as can be seen has an extra feedforward path. This
path provides an estimate of the ceiling effect based on and the altitude. This estimated thrust
is then subtracted from the PID controller output to compensate. This compensations makes it that the PID
controller needs less effort to control the system as part of it is done by the feedforward compensator. The
information it needs is the thrust at that moment in time and the distance to the ceiling.
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Figure 4.13: PID position feedback controller with an extra feedforward path, shown for continuous time
simulation.
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4.2.2 Results

Once more before going into the results the limitations are discussed. First of all the simulation is only one
dimensional, ignoring the normal six degrees of freedom underactuated drone dynamics. Secondly no sensor
noise is considered, thus having a perfect measurement of the altitude. Thirdly the ceiling effect equation used
has a singularity and shoots to infinity when getting to zero distance, to avoid this the maximum effect is fixed
to a ratio of 1.6, which from the results within seems reasonable. Finally to introduce some delay
into the system the actuators are modeled as a first order system, this simulates some spin up/down time for
the motors. For the simulation two different ceiling heights were chosen, one being 20 centimeters and another
one being 50 centimeters. The MAV is commanded from the ground towards a certain flight altitude after which
it needs to hover at the commanded altitude. The simulated MAV is assumed to have rotors with a radius of
5 centimeters, comparable to the Parrot Bebop. The simulated ceiling effects can be seen in [Figure 4.14 and
which shows the maximum being 1.6. z is the distance towards the ceiling (reverse to altitude).
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Figure 4.14: Simulated ceiling effect using Figure 4.15: Simulated ceiling effect using
with a ceiling at 20 centimeters. with a ceiling at 50 centimeters.

First off all the simulation will be run in continuous time (this is a feature in Simulink that tries to mimic
continuous time, as it is still run on a computer and technically discrete time). The PID gains have been
manually tuned for eight cases, four with a ceiling at 50 centimeters and four with a ceiling at 20 centimeters.
The gains have been tuned for a quick response with as little overshoot as possible and no steady state error.
The feedback controller gains for the eight cases can be seen in [Table 4.2] and [Table 4.3}
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Table 4.2: PID feedback controller, gains for different Table 4.3: PID feedback controller, gains for different

hovering altitudes, with ceiling at 50 centimeters. hovering altitudes, with ceiling at 20 centimeters.
H_command [m] | P I | D | Collision H_command [m] | P I | D | Collision
0.4 35 | 5 | 8 no 0.1 10 | 2|5 no
0.45 150 | 15 | 25 no 0.15 45 | 5 | 10 no
0.48 200 | 15 | 35 no 0.18 150 | 15 | 25 no
0.49 275 | 15 | 20 yes 0.19 250 | 20 | 25 yes

The feedback entering the PID controller is the altitude error with respect to the set hover altitude, being in
the order of 0 <+ 0.5. The proportional gains that are needed for stable non colliding performance are high,
with in both cases the situation in which an 1 centimeter distance from the ceiling is wanted a collision was
unavoidable. These high gains might pose a problem on a real system where noise exists, as the proportional
gain will also amplify the noise with that magnitude. A higher P gain is equal to a more aggressive control,
faster response, which is needed when getting closer to the ceiling where the effect gets higher in magnitude
and thus a higher opposing control reaction is needed. As said the two most extreme cases could not be tuned
without a collision. The MAV would hit the ceiling for a certain amount of time, but after a while the integral
gain managed to let the MAV decent a little but keeping an error and thus not reaching its final position. As the
simulation is highly simplified compared to the actual ceiling effect, the behavior after colliding with the ceiling
is expected to differ to much from the simulated case. Between the two ceiling heights a trend of smaller gains
in the lower ceiling case is seen. As the drone always starts from the ground it needs to travel less, reaching a
lower velocity when braking needs to start requiring a less aggressive controller and thus lower gains.
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Figure 4.16: Continuous time simulation PID feedback Figure 4.17: Continuous time simulation PID feedback
altitude response, for hovering command up to 48 cm controller input for system, for hovering command up
with ceiling altitude being 50 cm. to 48 cm with ceiling altitude being 50 cm.

For both ceiling heights two altitude and controller responses are plotted for the case of hovering two centimeters
below the ceiling. This is chosen as this was the most extreme case without a collision, meaning controller needing
to handle the highest amount of disturbance. The case of hovering at 48 centimeters can be seen in
and The altitude response shows a little overshoot after which it slowly converges to a zero steady
state error. The controller however has a high oscillatory response which damps to one value. This damping is
caused by the integral gain which slowly converges the control input to the exact value needed for equilibrium
flight at that altitude. This fast oscillatory behavior might however not be possible with a real MAV as the
motors need time to adjust. Adjusting the gains to reach a better more stable response was not possible, as
adjusting the integral gain let to more overshoot (higher) or even slower convergence (lower), the derivative
gain either caused a collision (lower) or even more oscillations in the position response (higher). Adjusting the
proportional gain also let to collisions.
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Figure 4.18: Continuous time simulation PID feedback Figure 4.19: Continuous time simulation PID feedback
altitude response, for hovering command up to 18 cm controller input for system, for hovering command up
with ceiling altitude being 20 cm. to 18 cm with ceiling altitude being 20 cm.

[Figure 4.18| and [Figure 4.19 show the results for the ceiling altitude of 20 centimeters and 2 centimeter hover
distance. The position response is comparable with little overshoot and slow convergence, but the controller
response shows less oscillations. This is probably caused by needing to travel less distance from the ground
and the somewhat lower proportional gain. This means reaching a lower velocity before needing to slow down,
doing this less aggressive causes less overshoot and thus needing less corrections. This lower velocity implies
a lower thrust when reaching the area where the ceiling effect exists thus having a smaller effect, however the
final ceiling effect is the same as similar hover distance towards the ceiling is commanded.

The second controller implemented is the feedforward PID controller, for which the tuned gains can be seen in

[Table 4.4] and [Table 4.5

Table 4.4: PID feedforward controller, gains for differ- Table 4.5: PID feedforward controller, gains for differ-
ent hovering altitudes, with ceiling at 50 centimeters. ent hovering altitudes, with ceiling at 20 centimeters.

H_command [m] P I | D | Collision H_command m] | P | I | D | Collision
0.4 025 (0] 1 no 0.1 110 1 no
0.45 05 | 0] 2 no 0.15 1 10|15 no
0.48 2 0| 2 no 0.18 110 2 no
0.49 2 0] 2 no 0.19 110 2 no

The gains are significantly lower compared to the pure feedback controller. The feedforward compensator has a
perfect model of the ceiling effect, similar to the one used in the dynamics of the system. This means that the
calculated ceiling effect which is subtracted from the PID controller command perfectly matches the encountered
effect. Thus the PID controller only needs to command the system towards the hover altitude and not consider
the ceiling effect at all. The integral gain is even zero, this normally drives the system to have zero steady
state error, but the compensator already takes care of this. Moreover this time all cases could be tuned and no
contact with the ceiling occurred. Once more a similar trend of having lower gains with the case of lower ceiling
is seen. For this controller the responses of the same case as before are shown. [Figure 4.20] and [Figure 4.21] are
the feedforward controller, altitude and control input responses for the 50 centimeter ceiling case.
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Figure 4.20: Continuous time simulation PID feedfor- Figure 4.21: Continuous time simulation PID feedfor-
ward altitude response, for hovering command up to ward controller input for system, for hovering com-
48 cm with ceiling altitude being 50 cm. mand up to 48 cm with ceiling altitude being 50 cm.

For the altitude response once again a small overshoot is seen, this time with a more defined point. The
controller input response has no high oscillatory pattern anymore. Within this response the first change almost
immediately after the start of the simulation is the point where the ceiling effect starts and thus the compensator
does output a value. The second drastic change is located at around the highest point within the altitude
response, this is most probably caused by the fixed maximum of the ceiling effect. As around that distance
towards the ceiling the ceiling effect does not change anymore as seen in thus the compensator
output being constant. The responses for the ceiling altitude case of 20 centimeters are shown in
and [Figure 4.:23] It shows similar behavior. This time the lower ceiling does not influence the controller behavior
as much as was seen before with the 50 centimeter case.
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Figure 4.22: Continuous time simulation PID feedfor- Figure 4.23: Continuous time simulation PID feedfor-
ward altitude response, for hovering command up to ward controller input for system, for hovering com-
18 cm with ceiling altitude being 20 cm. mand up to 18 cm with ceiling altitude being 20 cm.

All the previous results were obtained by simulating in continuous time, discrete time simulations were also
performed. To change the system into discrete time the following adaptations were made. First of all the PID
block was set to discrete time. Then each signal that enters the dynamics of the system must be discretized.
This means for the feedback controller that within the feedback line for position a zero order hold block (ZOH)
was placed, this makes the signal value become constant in between measurement periods (discrete time step).
For the feedforward controller a ZOH block was also placed in the total thrust feedback (T_no_eff) and output
of the feedforward function.

The results for the discrete time simulations were similar to the ones in continuous time for discrete time steps
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below 0.02 seconds (50 Hertz). When increasing the time step to 0.02 seconds or higher the system becomes
untunable for avoiding a collision, even for hover distances where the ceiling effect is very low.

4.2.3 Discussion

As discussed in [subsection 3.2.T] a PID controller is tuned for one equilibrium point. This is confirmed by the
simulation as it was highly dependent on the hover altitude what the gains for optimal performance were. The
gains used in hover cases close to the ceiling could also provide a non colliding response for lower hover altitude
cases. This could mean for a solution that one only needs to tune for the worst case scenario expected, as it
might be able to deal with the less extreme situations using those gains. Within a PID controller
with feedforward strategy was shown which already showed promising results. Within the simulation results it
could be seen that pure PID control is able to handle the disturbances most of the time but significantly different
proportional gains were needed. When the feedforward compensator was added the gains became almost similar
for the different conditions. This is because the PID controller only needed to command the system to a certain
position and the feedforward path handled the disturbances. The feedforward controller however has a perfect
model of the ceiling effect, which in real life would not be the case as there will exist modeling errors. This
means that part of the compensation needs to be handled by the PID controller, which as shown had more
difficulty with that, thus causing some degradation in performance.

Noise is also an important factor within the performance of a controller which was neglected during these
simulations. As noise deviates a signal from its true value the error it carries will be amplified by the PID
controller and negatively affect the performance. Especially the performance of the feedforward controller will
be affected, as without noise it perfectly compensated for the ceiling effect due to the perfect model, but when
there will be noise in the altitude signal it will compensate for the measured position and not the actual position.

Another important aspect shown within the simulation is the performance breakdown that happened during the
discrete time simulation. As with all computers and thus electronic systems they work in discrete time, meaning
that data is only known at certain moments in time. This discrete time step which influences that real time
performance is influenced by two major factors. Namely frequency at which sensors can take measurements
and the calculation time needed to obtain the controller results. Other effects such as motor spin up also play
a role in real time performance. This is thus an important concept that needs to be taken into account when
choosing a solution for the thesis work, as too large of a discrete time step may create an controller that cannot
stabilize the system.
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5 Final Research Plan

As the literature has been discussed and with some preliminary experiments conducted the main research plan
can be developed. To clarify the objective of the thesis work, it is once more stated.

“To achieve autonomous stable flight of an MAV quadcopter within a small enclosed area by means
of developing a controller that is able to cope with the aerodynamic effects, self induced flow distur-
bances and mild collisions.”

A small area is defined as follows. An area for which the dimensions of the drone are within ten times the
maximum dimensions of the room (e.g. a 10 centimeter MAV within a 50 centimeter sewage pipe)

Within literature seen in the PID controller is widely used. However from the highly simplified
Matlab experiment discussed in several disadvantages were seen. One showing the need for high
gains, which could highly affect real time performance, as noise would also be amplified by the high proportional
gains. Moreover the integral gain, which makes the controller converge to the commanded hover altitude showed
to reduce the error quite slowly, and could not be changed to improve the convergence rate, as oscillation would
be introduced within the response. The INDI controller shown by Smeur et al. [29] could be used instead of
the PID controller. This incremental method may improve the performance and improve on the convergence
rate of the integral gain.

To counteract the disturbances the two main solutions found in literature will be combined. The first solution
was using an aerodynamic model, which based on distance to the boundary plane tells how much extra thrust
the propellers produce. The other solution was looking at the difference between what is measured and what
a mathematical model of the MAV tells, leading to an estimation of the disturbances. The main proposal for
the controller will be the following. At the beginning of the flight the controller will estimate disturbances
via aerodynamic models, for example the ground effect via As these models are not perfect
and depend on MAV geometry the controller will be extended with an adaptive part. This adaptive part will
be based off the work from Wei et al. [16] which used the MRAC method to create a mathematical model
describing the ground effect disturbance via a collection of measurements and comparing it to a base model
(without the ground effect disturbances). This adaptive algorithm will improve the disturbance estimation over
time. This adaptation will thus try to decrease the model error (for which the model describes the aerodynamic
aerodynamic disturbance). As already mentioned it will be combined with an INDI controller instead of a
PID. Combining the INDI and MRAC is not a trivial task. A possible solution for combining the two is by
including the MRAC, which describes the aerodynamic effects, within the system dynamics. Afterwards the
system dynamics can be derived to the form of the INDI controller, resulting in a possible enhanced controller.

The controller may already be able to deal with mild collisions, which will be investigated. If the collision
handling is not up to wanted performance an adaptation needs to be made. The adaptation will than be the
following. For collision detection the accelerometer based method from Tomié¢ and Haddadin [27] will be used.
This will detect collisions based on a threshold. For the response two of the reaction strategies will be used,
stop and or move back. As the main focus of the thesis work will be stable and safe flight and collisions are
best to be avoided this simpler strategy was chosen over the fuzzy logic one.

The controller will need measurements of distances to its surroundings to be able to fit the disturbance estimation
to certain distances from boundaries in the flight environment. This means sensors such as laser or ultrasonic
sensors are needed. As with all hardware the sensors have their limitations. Those limitation such as minimum
measurement distances need to be taken into account, as those will constrain the flight envelope for the controller.

For the implementation of the controller the Crazyﬂieﬂ platform will be used. This is a small lightweight
quadcopter MAV. It is relatively simple to modify with pre-existing expansion decks. Flight tests will be
performed, for testing the final controller but also for testing parts of the controller during development. To
protect the MAV from damage a form of propeller protection is needed during development phase, it may not
be needed for the final work when the controller can guarantee that no collisions will occur. The Cyberzoo at
the faculty of Aerospace Engineering at the University of Technology Delft will be used as test site. Within the
Cyberzoo the position can be tracked using OptiTrack system. This will be an useful tool when testing parts
of the controller, as an method that obtains the position from onboard measurements may not be implemented
directly. As the goal is to fly within small enclosed areas, either an existing wingbox will be used or an
environment will be created from for example wooden plates. Moreover a single wooden plane can be used to
test for ceiling effect only. To command the drone an external laptop will stay in communication via a radio
transmitter. This can be for example be used to kill the drone in an emergency or switch between different
modes.

Thttps://store.bitcraze.io/products/crazyflie-2-1
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For evaluation of the performance there will be looked at several aspects. First of all the run time, as too low of
a refresh rate may introduce sluggish behavior and thus slow response time, which may lead to a crash. Secondly
the closest distance to environmental boundaries at which the MAV will be able to hover. The hover must be
stable, this implies no severe oscillations and position changes. Thirdly the ability to perform stable flight,
meaning the ability to follow a commanded path. Lastly the ability of handling collisions. The performance
analysis is up for change during the development.

To summarize the solution the following research question arose and will be answered during the thesis work.

Can an autonomous MAV controller, which is a combination of MRAC and INDI, provide stable
flight within an enclosed area where the dimensions are a maximum of ten times larger than the
MAV dimensions?

1. How will the adaptive MRAC controller part be structured?

e What initial starting conditions will be used for the MRAC model?
e Will the basis function for the MRAC be linear or nonlinear?
e Will the MRAC be updated every time step?

2. How will the MRAC and INDI be integrated together?
e Where in the INDI control loop will the MRAC be integrated?
3. What is the performance of the final controller when flying in a small enclosed area?

e What is the performance increase of MRACHINDI compared to an INDI controller when flying in a
small enclosed area?

e What is the performance increase of the MRAC+INDI controller compared to a PID controller when
flying in a small enclosed area?

e Will the MRAC+INDI controller be able to deal with light collisions?

Finally the research planning is represented in a Gantt Chart. Within the planning there are a few important
milestones. These milestones are the following. First of all the literature study presented in this work. After-
wards the development of the controller with at a certain point the midterm review. This review will be used to
discuss the progress and see if all problems are tackled or if there are still some points that need extra attention.
Before the thesis can be ended a greenlight review will provide permission to finish the work with a final thesis
defense.
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D [Task Task Name Duration Start Qtr 3, 2020 ‘ Qtr 4, 2020 Qtr 1, 2021 Qtr 2, 2021 Qtr 3, 2021
Mode Jul Aug l Sep Oct l Nov Dec Feb l Mar Apr May Jun Jul
(I 1 Kick-off Meeting 0 days Mon 31-08-20 4131'08
2 |y 2 Literature study 78.88 days Tue 01-09-20 I 1
3 (= 2.1 Survey aero effects 8.88 days  Tue 01-09-20
4 2.1.1 What effects exist 3.88days  Tue 01-09-20 N
5 2.1.2 What models exist 2.88 days Mon 07-09-20 m
6 | 2.1.3 What are combined effect results 2.88days  Wed 09-09-20 m
7 |wg 2.2 Survey controllers 7.88days Mon 14-09-20
8 2.2.1 Which controllers exist 2.88 days Mon 14-09-20 m
9 2.2.2 Aerodynamic effect controllers 2.88days  Wed 16-09-20 m
10 | 2.2.3 Collision/Interaction controllers 2.88 days Mon 21-09-20 m
11 |5 2.3 Survey sensors 1.88days Thu 24-09-20 L
14 w5 2.4 Initial simulations and experiments 22.88 days Mon 28-09-20 FI
15 |8 2.4.1 Matlab 11.88 days Mon 28-09-20
16 |=5 2.4.1.1 ceiling effect 5.88days Mon 28-09-20
17 2.4.1.1.1 Feedback 1.88 days Mon 28-09-20 [}
18 2.4.1.1.2 Feedforward 1.88days  Wed 30-09-20 n
19 |; 2.4.1.1.3 Include lag filters 1.88 days Fri 02-10-20 N
20 |Wg 2.4.1.2 Ground + ceiling effect 5.88days  Tue 06-10-20
21 2.4.1.2.1 Feedback 2.88 days Tue 06-10-20 (1]
22 2.4.1.2.2 Feedforward 1.88days  Thu 08-10-20
23 | 2.4.1.2.3 Include lag filters 1.88 days Mon 12-10-20
24 |y 2.4.2 CFD 16 days Tue 06-10-20 [ —
25 2.4.2.1 Create geometries 2.88 days Wed 14-10-20
26 2.4.2.2 Setup simulations 11 days Tue 06-10-20 |
27 2.4.2.3 run simulations 1.88 days Thu 22-10-20 [}
28 | 2.4.2.4 analyze simulations 2.88 days Mon 26-10-20 1]
29 |Wg 2.5 Write Literature study 11.88 days Thu 29-10-20 -
30 |=g 2.6 Developing initial solution 19.88 days Mon 16-11-20 F'I
31 2.6.1 INDI and possible adaptations 9.88 days Mon 16-11-20 i
32 2.6.2 Final research plan 3.88 days Mon 30-11-20 3]
33 2.6.3 Preparing Software and Hardware of Crazyflie 5.88 days Fri 04-12-20 I
34 2.7 Finalize literature study 4.88 days Mon 14-12-20 ]
35 |, 2.8 Deadline literature study 0 days Fri 18-12-20 OJ&'JZ
36 |5 3 Reflection Literature study 4.88days Mon 04-01-21
37 3.1 prepare presentation 2.88 days Mon 04-01-21 1]
38 3.2 Presentation 0.88days  Thu 07-01-21 ]
39 | 3.3 discussion with supervisors 0.88 days Fri 08-01-21 ]
40 |=g 4 Implement INDI controller on Crazyflie 34.88 days Mon 11-01-21 |
41 4.1 Develop code 9.88 days Mon 11-01-21 3
42 4.2 Test INDI controller with flight tests 9.88days Mon 25-01-21 E
43 4.2.1 Develop propeller guards 4.88 days Mon 25-01-21 ]
Task Project Summary I Manual Task [ Start-only L Deadline ¥
Project: Thesis Gannt Split ronooooooon Inactive Task Duration-only Finish-only Progress
Date: Tue 08-12-20 Milestone L 2 Inactive Milestone Manual Summary Rollup s External Tasks Manual Progress
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ID Task Task Name Duration Start Qtr 3, 2020 Qtr 4, 2020 Qtr 1, 2021 Qtr 2, 2021 Qtr 3, 2021
Mode Jul l Aug Sep Oct l Nov Dec Jan l Feb Mar Apr l May Jun Jul
44 | 4.3 Evaluate flight test data 4.88 days Mon 08-02-21 I1
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58 |mg 8 Overall evaluation of developed controller 9.88days Mon 03-05-21 F
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6 Conclusion

To extend the applications of MAV in industry, flying fully autonomously within a small and enclosed area can
be made possible with the development of a new controller. Before a solution is proposed a literature study is
conducted to gather knowledge from work that has already been done. The aim of this literature study was to
investigate what aspects and methods exist to answer the following question.

How can autonomous, stable and safe flight of an MAV quadcopter within a small enclosed environment be
achieved?

Several aspects arose during the research from which several conclusion could be drawn. For the aerodynamic
effects the ceiling effect was found to be the most aggressive and abrupt. It is also leading to collisions compared
to the stabilizing ground effect. The wall effect is not widely investigated yet, but may also lead to problems as
flight with a certain pitch angle makes the wall behave like a ground and or ceiling plane. Several aerodynamic
models are developed that could be useful for obtaining disturbance information quickly, with the only downside
being model fitting as the aerodynamic effect highly depend on geometry of the used platform.

With the main challenge being the handling of disturbances either caused by the aerodynamic effects or self
induced flow, there was looked for controllers focused on those disturbances. The PID controller is widely
used, but by itself not robust and is thus combined with other techniques to improve the performance. The
other techniques came down to either usage of models describing the disturbances or looking into the difference
between what a mathematical model provides and what is measured on the real system. Both methods showed
successful results for counteracting several aerodynamic effects. Collisions may also cause problems when flying
within the enclosed environment. By using information which is already needed for the main controller a collision
detection system is relatively easy to setup. The response to a collision will either be stopping or moving away
from the collision surface.

Besides looking into literature two kinds of experiments were conducted. A CFD simulation has shown that
different flow patterns arise when hovering at different location inside an enclosed area. This showed that the
main disturbances in the room have a quarter of the velocity compared to the flow right below the MAV, and
is thus expected to disturb the MAV when flown through. From this experiment it could be seen that not only
aerodynamic effects will play a main part in disturbance of the drone but that the enclosed environment will also
induce extra challenges. The second experiment was the investigation of a PID controller using Matlab Simulink.
A highly simplified one dimensional (up, down) flight was simulated using a pure feedback position PID controller
and an aerodynamic model feedforward PID controller. It was found that the feedback controller needed high
gains to function properly but the most extreme gains are also usable within less extreme conditions, thus one
could think that a PID controller tuned for most extreme condition is a solution. However the simulation is not
taking into account noise which would also be amplified by the high gains (mainly proportional gain) which may
lead to a non functioning controller. The feedforward controller solved the high gains but had the advantage of
having a perfect model for the simulated disturbance. Model errors will degrade the performance but it shows
that estimation of disturbances is a promising method.

The knowledge from literature and experiments was combined to come up with a solution that will be further
developed and tested. Literature had shown two main methods for tackling disturbances both showing promis-
ing results. The solution proposed will combine both techniques, it will use aerodynamic models to obtain a
first estimate of the disturbances but with time it adapts to try and better describe reality. This has been
chosen as the complex flow structures seen from the CFD will cause a mismatch between the developed aero-
dynamic models from literature and reality and thus adaptations will try to overcome this. The method can be
summarized within the main research question, which will be answered by the thesis work. The to be answered
question is the following:

Can an autonomous MAV controller, which is a combination of MRAC and INDI, provide stable
flight within an enclosed area where the dimensions are a maximum of ten times larger than the
MAYV dimensions?

Finally the outcome of this thesis will thus provide a new approach into stable indoor flight and will aid in
the development of fully autonomous inspection systems. One company that is looking into the use of an
autonomous MAV system for indoor flight is Lockheed Martin. They are investigating the replacement of a
human, inspecting the inside of fuel tanks in their aircraft by an autonomous MAV.

7



Note

The research paper does not go into the approach described by the final research question in the literature study.
During the research it was found that a combination of MRAC and INDI was not ideal, as both methods were
working against each other. It was thus proposed to look into pure INDI control and adjusting it to compensate
for the ceiling effect.
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