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Abstract

This master’s thesis studies the path following problem. The path-following problem refers
to steering a vehicle and then keeping it close to a predefined geometric curve in the Eu-
clidean space. In contrast to trajectory tracking, the position along the path is a degree of
freedom such that the magnitude of the velocity vector is in most cases controlled indepen-
dently. [Nonlinear model predictive controller (NMPC)| can be used to follow geometrically
challenging curves, and at the same time performing optimally with respect to user-defined
cost function and constraints.

This thesis builds on the specialization project[1] which explored a straight-line path problem
with two different approaches. The first was a vector field-based path-following algorithm
for controlling the course and height in a successive loop closure. And an [NMPC| with a
simplified kinematic model. The kinematic model will be further developed in this thesis and
include a low-level autopilot in the inner-loop. There will also be a complete dynamic model
of thejunmanned aerial vehicle (UAV)| X8 Skywalker in the

Will explored two ways to parameterize the path where the path is a straight line and a curved
path in the Euclidean space R3. Further, there will be a simulation study and comparing the
simplified kinematic and dynamic model to geometric controllers [vector field-based|
[(VEB)|for straight-line path and[nonlinear differential geometric path-following (NDGPFG)|for
the curved path.

A simulation of the results are seen at https://www.youtube.com/watch?v=SYCMKUfa-mk.
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1 Introduction

The applications for uses of drones and [UAVS, both for private and professional service,
are growing. In the summer of 2020, Equinor completed the world’s first logistics operation
with a drone to an offshore installation [2]. During the terrible quick clay landslide in Gjer-
drum around New Year’s Eve in 2020, drones were used for surveillance and to find people.
Even though both these examples are multirotor drones, this shows the scope of unmanned|
[Aircraft System (UAS)| and fixed-wing [UAV.

In this section, there will be a small overview of existing controllers that could solve the path
following problem. For path following, time is neglected, and the objective is to converge to
the path and follow. This makes it different from trajectory following which is time-dependent
on the path. Looking at a [UAV|under the influence of wind, the magnitude of the gust wind
will be significant to the speed of a small [UAV] Consider this, the path following formulation
is preferred, where speed can be controlled separately.

The path following problems is solved in the literature with different controllers and ap-
proaches. Here are some examples.

As the name proposes, geometric controllers look at the geometric to define the differential
equations where the states are global. In [3] a controller make the [UAV]| follow a nominal
path using a control algorithm that uses a Special Orthogonal group for the formulation of
the attitude control problem to avoid the singularity.

Lyapunov based design methods use a|control-Lyapunov function (CLF)|to design the con-
trol stable. Lyapunov stability is a well know tool for engineers to design system, and the
reader can look into [4] for more. In [5] a [CLF|is proposed to select control input which is
feasible with respect to the [CLF|in a trajectory tracking problem.

Backstepping technique is used to remove unwanted nonlinear terms, making the system
unstable when checking for Lyapunov stability. In [6] a robust recursive design technique is
presented when looking at the nonlinearity.

Virtual target is, as the name says, a targeting approach. In [7] a Serret-Frenet frame is
defined as the target, where the error dynamics is the error between target and [UAV|and the
Lyapunov-stability is proven.

Simply, a vector field can be described as a plane where there are vectors at each point
in the field with different directions and magnitude. Vector field-based controllers use this
principle and guide the [UAV| to the path using the direction and magnitude of the vectors.
Example are seen in [8] and [9]. Later in this thesis, the vector field-based controller from
[9] is used for comparison. In [10] is a survey of different guidance techniques for fixed-wing
UAV
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Guidance controllers can not solve for optimality on converging to the path, introducing the
optimal controller [model predictive controller (MPC)L Here the controller solves the
icontrol problem (OCP)| for a time horizon and only uses the first input and discharges the
rest. Then the optimal trajectory to the path appears as a solution to the [OCP] The benefit
about the is that the input and states are explicitly constrained. Meaning that can
directly control the use of actuators through constraints.

Using the dynamic model of the [UAV| requires theoretical and observing the parameters of
the [UAV] This process can be time-consuming and challenging because of experimental
studies (for example, wind tunnels). Therefore, a common solution is to use a simplified
parameterless and parameterised (explored later in this thesis) kinematic model in the
solving the optimization problem in the outer loop, with an autopilot in the inner loop which
tracks the high-level commands.

The inner-loop of [11] and [12] is based on the coordinated turn [9]. Here the MPC]solves the
optimal problem and sends the Euler angles reference to the lower-level autopilot to track.
The optimal problem for [11] in the [MPCJis position and course angle error.

In [13] a virtual state controlling the behavior on the path is introduced in an augmented
system. The path parameterization can be readily be changed. This approach is also imple-
mented in [14]. Other methods in the inner-loop are proposed in [15] a backstepping in the
longitudinal and integral-LQR in the lateral direction.

In [16] an auxiliary control law is proposed with an arbitrary small tube for which the
should be within. Then the position error is used in[OCP] The line-of-Sight controller uses a
lookahead distance to calculate the desired course angle for which the vehicle converges to
the path. Adding an integral, integral line-of-sight (ILOS), removes the steady-state offsets.
In [17] the lookahead A is a decision variable in the [OCP]to give an optimal converge. In
[18] a virtual target approach is used with a where the cost of the [OCP] is the error
between virtual target vehicle and the [UAV]

Using [MPC] requires relatively fast computation time. Because at every time step, the [OCP]
is solved for an N time horizontal steps. For advanced models, this could be a time issue.
With the development of faster solvers, the use of [MPC|is more available. An example of
available solvers is ACADOS [19] and YALMIP.

There are different ways to defined the path. A straight-line path is a line between two points.
With more points, could use path planning with a Dubins path for which the most effective
route is found [20]. In [21] collision and obstacle avoidance, where an obstacle is avoided
on a straight line. The path could also be curved, with a nonlinear line between two or more
points. Bézier curves or B-spline are examples of creating a curved path. In [22] a dynamic
path planning with B-spline is proposed.
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1.1 Project plan
In this thesis, the following plan is defined

1. Identify a kinematic model with a low-level autopilot in the inner loop.

2. Extend the kinematic model with a dynamic model and implement a path-following
[NMPC]J using the full model.

3. Implement a mechanism to initialize the path variable and for switching between path
segments.

4. Implement an additional path parameterization and test them with the developed con-
trollers.

5. Conduct a simulation study and compare the performance of the based on the
approximated kinematic model and the full dynamic model on the implemented paths.

6. Further compare both NMPCis to the vector field-based controllers implemented in the
specialization project[1].

1.2 Limitations

This thesis is limited to only computer simulation where full feedback is expected (no estima-
tion). Program libraries for aircraft dynamics and PID controler are used. ACADOs is used
to solve the NMPCL

1.3 Structure of the thesis

The thesis is divided into 7 chapters. Starting in chapter 3 with a focus on theory and
methods that are important for the concept. Then in chapter 4, a control algorithm design
is presented, with methods of the controllers. In chapter 5 the result is presented with a
discussion on how the controllers performed with a conclusion in chapter 6. The solutions
used are presented in Attachments.
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2 Notation and abbreviations

The use of boldface symbols for vectors and matrices, where vectors are lowercase and
matrices are uppercase letter.

Acronyms

CLF control-Lyapunov function.

gc geometric controller. [21],[70]
ILOS integral line-of-sight.
MPC model predictive controller. [2, [18][19]

NDGPFG nonlinear differential geometric path-following. [l [21], 45| 50}, [52] 58] 81],

NED north east down. [6] [38], [50]

NMPC nonlinear model predictive controller. [I, [3] [8] [17} [19} [21] [25] [28] [29} [32] [35] [36}, [40],
45} 57, (58, 60} [611, 63} (64 66, (68}, [70H78}, [B0HBS|

OCP optimal control problem. [2 [19H21] [25, [27}, [30}, [37} [40}, [64] [67}, [68}, [83]

SSA smallest sign angle.

UAS unmanned Aircraft System.

UAV unmanned aerial vehicle. [I, [T}, [2, [6] (8} [0, [[2H15)}, [21], [28}, [29], [32}, [34], [35), [37] 40}, [42, [45],

VFB vector field-based. [, 47| 58| 66l [74H77),
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F NED frame
e Vehicle frame
Fo! Vehicle-1 frame
Fv? Vehicle-2 frame
FP Body frame
F° Stability frame
FY Wind frame
o) Roll
0 Pitch
(0 Yaw
© Euler angles [¢ 0 )T
! Angle of attack
B Side-slip
S(+) Skew symmetric matrix
da Aileron
e Elevation
Oy Rudder
O¢ Throttle
Q>0 Positive definite matrix Q
| z||? 2-norm of vector
Il T Qu
Ny Number of state
Ny, Number of input
ny Number of output
20} Virtual state
v Virtual input
A Path parameter
w Sequence of waypoints
Wii) Waypoint index i
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3 Theory

In this section, some basic theory about[UAVE and path following is presented. A theoretical
description in section presents the kinematic and dynamic differential equations with
frames and angles. Included in this are the actuators and the forces and moments. The
definition of the path following problem is in section [3.2 Theory of control method including
successive loop closure in section [3.3] optimizing in section [3.4] which is the basics for the
MPC seen in section 3.5

3.1 Kinematics and dynamics

Kinematics is looking at the motion of the [UAV| without the forces, While dynamics includes
the forces when looking at the motion. In this subsection the kinematic and dynamic equa-
tions will be explained. To do this, fist look at the frames where the states are express in and
the angles between the frames. These angles and the position builds the kinematic equa-
tions. Then forces and moments together with the actuators gives the dynamic equations.

The orientation of the [UAV| with respect to the world is expressed in frames. The important
frames, in this thesis, are the|north east down (NED)}, body- and stability- frame, see figure 1]
to 4l

NEDI

In[NED]|x pointing to the north, y east, and z down. The positive
direction for z is down. This frame is on the curve of the earth
and is a tangential frame. Assume that this frame is an inertial
frame, which is where the forces occur. The frame is denoted
F*. Also denote i, j and k to be x-,y- and z-axis, respectively.

Vehicle ¥ (north)
Located at the center of [UAV|, and does not rotate, which v % )
means that this has the same orientation as the [NEDMHrame.
This frame is seen in figure [f]

k' (into the earth centler)

Figure 1: and Vehicle

Body frame [9]

Rotation the Vehicle frame with the Euler angles yaw, pitch and
roll, denoted ), # and ¢, respectively, gives the body frame.
This rotates are seen in figure 2l Denote this frame as F* and
seen in figure [2d|

Page: 6
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(a) Yaw rotate around kv [9] (b) Pitch rotate around ;' [9] (c) Roll rotate around 2 [9]

Figure 2: Rotation steps from Fv to F°

The total rotation, seen in figure [2 has the rotation matrix

1 0 0 cos# 0 —sinf| | cosyp siny 0
0 cos¢ sing 0 1 0 —siny cosy 0 (1)
0 —sing cos¢| [sinf 0 cos6 0 0 1

Around iv2 Around jv1 Around kv

R,(©) =

Note that this has a singularity if the pitch angle is + 90°and motivates the use of quaternion,
which has no singularity.

Stability and wind

The stability- and wind frame are for calculation purposes. Sta-
bility frame is used to calculate the decoupled lateral forces
and wind frame to define airspeed denoted as V,. Note that
when talking about the airspeed, this is the magnitude if not
express otherwise. The vector is denoted v,.

Stability is the frame when rotating around F° y-axis with angle, Figure 3: Stability frame [9]
«, called the angle of attack. Denote this frame as F7* and seen

in figure |3 If the positive angle of attack, the wings will create

lift, and the plane elevates and descend if negative. It is the airspeed that acts on the wings
to create lift.

Wind frame is the frame when rotating around F* z-axis with
angle, 3, called sideslip angle. Denote this frame as F* and
seen in figure 4. The sideslip angle can be seen as an angle
the UAV sliding out. After this rotation, the i* is aligned with V/,.
Gives the trivial representation of the airspeed vector denoted
in the wind frame.

ve=[v. 0o o @)

Figure 4: Wind frame [9]

The two rotation matrices are defined as

Page: 7



@NTNU

3.1 Kinematics and dynamics Knowledge for a better world

cosa 0 —sina]
Ri(a)=| 0 1 0 3)

sinae 0 cos«

Around j®

cosfB sinf 0]
RY(B) = {sinﬂ cosf 0 (4)

0 0 1]

Around k*

The Euler angles, defined above, represent the orientation of the [UAV] and are

o=[s 0 v| (5)

The yaw angle, v, can be replaced by the course angel, x. In the wind triangle in figure
can see that the wind is acting on the [UAV| [UAV]is crabbing into the wind, and the crab angle
is defined as the difference between the course and yaw angle.

Xc:X_¢ (6)

Also seen in figure |9]is the speed vectors. Airspeed is denoted as v,, windspeed v, and
groundspeed v,. The relationship between this speed are

Va = Vg — Vy (7)

The groundspeed vector is defined in the 7°

u
. H @

w

which are typically states in the system. In equation[2] the airspeed is denoted in F*, rotating
this to 7 gives
u’l‘
vP = {vr

Wy

=R’ (a, B)VY (9)

a

where u,, v, and w, as the relative speed in the F°. The rotation from F* to F* is
Ry (a, 8) = R (B)R; () (10)

The relationship gives
Vo =fu2 + 02 + u?

o = arctan O
=arctan - (11)

v
 =arcsin —

Va

Page: 8
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In figure [5] the airspeed, groundspeed, and windspeed in shown. Both course and heading
angles can describe the direction of the UAV. The course angle is used to navigate airplanes
because of measures groundspeed with, for example, GPS. When using a compass, typ-
ically on boats, heading angle is preferred. In this thesis, the vector field-based controller
uses course angle, and the [NMPC] controllers use heading angle.

ground track

Figure 5: Horizontal wind triangle [9]

Typically overview of the states and description is seen in table

Name Description
D Postion along ¢ in F*
PDe Postion along i’ in F*
Pa Postion along % in F'
u Velocity along 4 in F?
v Velocity along 5° in F°
w Velocity along &° in F°
o Roll angle defined with respect to 72
0 Pitch angle defined with respect to F*!
WP Heading (yaw) angle defined with respect to 7"
P Roll rate measured along i® in F°
q Pitch rate measured along j° in F°
r Yaw rate measured along £° in F°

Table 1: States

Kinematic states

The kinematic states are the position of the in 7' and the Euler angles, seen in table 1]
In the next paragraph, the kinematic states are defined. It is also common to use simplified
kinematic models to represent the [UAV] where the angle rates are considered as input. The
simplified models use geometric representation.
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First start be looking at the translation states [p, p. p4]?. Time differential the position
gives, where [u v w|T isin F?, gives

allr
dt p€
Pd

u
(%
w

=R} (12)

With the properties of the rotation, the inverse is the same as the transpose matrix. The
expression for R?, see equation . Then

Pn
Pd

Pa

= R

u
'u] (13)

w

Next is the rotation states. In the appendix it is seen that time differentiate a rotation
matrix is

) 0 0
w={0| +Ry(¢) |0 +Risy(¢)RI(0) Q]
0 0 (U

By some rearranging, and defined thatw = [p ¢ 7| then:

p 1 0 —sin Qb
gl =10 cos¢p sin¢cost 0 (14)
r 0 —sing cos¢cosf| |4

¥

Gives the state explicit

) 1 singtan€ cos¢tanf| [p
{9] = {0 cos ¢ —sin¢ ] {q] (15)
0

Y —sin¢gsecl cos¢psech| |r

Equations [T3|and[15]is the six full kinematic equations.

Dynamic states
The dynamic equation is affected by forces, moments and atmospheric disturbances. Find-
ing those equation uses the rigid-body dynamics. Starting by forces and newtons second

law gives
Z f=ma
dv (16)
fb — g
20 =my

Where the typical a is the groundspeed vector time differentiated. Example of time differen-
tiation a vector is seen in appendix 7.4} Note also that the force f* is defined in F°. Writing

Page: 10
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out the time differentiating gives for equation

d
S = m(d—tbvz + wlb)/i X Vg) (17)

Write that vl = [u v w]" andw}, =[p ¢ r|". Here v}, is the angular rotation between
Fiand F* denoted in F*. Writing this out, and rearrange for the explicit state gives:

U TV — qW
V| = |pw—ru
W qu — pv

Which is the dynamic equation for the translation. Next is the dynamic rotation equation.
Starting again with the newtons law for sum of moments, which is

> m=1I«a (19)

Where m is moments, I is interia of moments and « is the angular acceleration. This can be
rewritten as

+iZFb (18)

m

dh
b P —
2w’ = (20)

Where h is the angular momentum. The moments m is defined in 7°. The time differential
of h is:

h h
—h=— ; X h 21
dtl dtb + Wy/i X ( )
Insert this into equation [20] gives
S m = (“Lht W, x B (22)
dtb b/i

Where h® = Jw’g/i is defined, where J is the interia of moments. This is equivalent as in
equation[19] Insert this gives with the moments defined in F°

d
With the interia matrix constant this can write as

d

Can get the states from Lwp, =[p ¢ 7]”, this gives
p

q
7}.

Zmb:J

Page: 11
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Rearranging, then the state is explicit

p
|:Cj] = J_1<Zmb - wlg/i X Jwg/i> (26)

,r',

Which is the dynamics of the rotation. Since the aircraft is assumed symmetric about 2 and
2%, the inertia matrix J can be written as, with Jxy = Jy 7 =0

Jx 0 —Jxyz
=l 0 & 0 (27)
—~Jxz 0 Jz

Actuators
The actuators, except throttle, manipulated the air to create force and moments to control
the [UAV]

Aileron, denoted §,, controls the roll, and it
is on the wings. To control pitch, the ele-
vators, denoted J., moves the wing to make
the noise go up or down. Rudder, denoted
-, is used to controlling the yaw and is on
the tail. Last, the throttle, denoted o,, con- AP
trols the [UAVE speed. v

Figure 6: Example of control surfaces on a
The configuration of these control surfaces [UAV|[9]
are many, but in figure [f]it is an example.

Forces and moments
From the states equation [18|and[26]the sum
of forces and moments are: g

Zfb: fpy] =f,+f, +f,
(1

Zmb: m] =m, +m,
n

Where subscript ¢ is gravity, a is aerodynamics, and p is propulsion. The aerodynamics
forces are lift and drag, which again gives a moment.

The gravity force is defined in 7*, which is oriented the same as 7*. The £ is defined as

0
f;{ : ] 29
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Using the rotation matrix defined in equation the gravity force can be expressed in F* as

f) = R)(O)f (30)

g

The lift, drag and moment m in longitudinal are

1
flift :ipanSCL(OG q, 5e)
1
farag ziprSC'D(a,q,ée) (31)

1
m =§pva25c0m(@,q,5e)

where Cp, Cp and C,, is function of aerodynamic coefficients, S is platform area of wing and
c is mean chord of wing. C7, Cp functions are nonlinear, but can be linearization to a given
range of « to avoid stall conditions.

In figure [7] the lift and drag forces and moments are seen. Both lift and drag are expressed
in F°.

lift foree Fiig

drag force Fyp,

moment m

Figure 7: Lift and drag force and moment created on the wing[9]

Using the rotation matrix in equation to express the forces is F* gives the forces in longi-
tudinal to be
fo|  |cos(a) —sin(@)| |— farag
I sin(a)  cos(a) — Jiift
Note that 7* and F* has the same y-axsis, therefore the rotation matrix can be simplify to

(32)
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just rotation for x-z direction. In lateral the force and moments are

1
Jy =5pViSCy (B, p, 7,04, 6,)

1
! :ip‘/fs’bcl(ﬁal% T, 5(1’57") (33)

1
n :ip‘/beOn(ﬁypa T, 5!17 57‘)

where Cy, C; and C,, is function of aerodynamic coefficients and b is the wingspan. In [23]
the aerodynamic functions are defined and also parameters of the X8 which is used later in
this thesis.

Propulsion forces are from the propeller thrust with a propeller torque which gives a moment.
This thesis will not go deeper into these.

From equation [32] and [33] the forces and moments are function of the angle of attack « and
sideslip angle 3. Therefor the states [u v w]’ from equation can be change to be
[« B V,]T whcih is a good representation of the and will be exploited in this thesis.

Last in this subsection, is the wind. There are two types of wind. Steady ambient wind in F*
and stochastic (gust) wind which is expressed F°. The wind vector is defined as, v

U/w
vh = | vy (34)
Wy
W, Wy,
vh =R.(O) |we, | + |we, (35)
W, Wy,

The way to get values for gust wind is to filter white noise through a Dryden transfer function.
Here the user can adjust for altitude (height of the airplane) and strength of turbulence. The
steady ambient wind is constant.

Trim conditions
Trim conditions means when the [UAV] is in a subset of states, and the dynamics are in
equilibrium. In this thesis, this means constant-altitude, wings-level steady flight.

3.2 Path following problem

The path is denoted P, and the goal is

lim

Ly =P =0 (36)
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where y is the position state of the [UAV| and path parameter A\. The error between the
position and the path is defined as

e(t) = y(t) = P(A1)) (37)

Throughout this thesis, the path is defined in the 3D-space, P € R3. The path can be
expressed in different ways. Examples are linear-, quadratic- and cubed Bézier curves,
Dubins paths, and B-splines. In this thesis, a straight-line path and B-spline curve are used.

3.2.1 Straight line path

A straight-line can be defined with two coordinates, P; € R? or waypoints w; € R?, and a
path parameter A which track the location on the path. A linear Bézier is defined as

B(\) =P + A(P; — Py)

:(1 — /\)Po + AP, (38)

where 0 < X < 1. In this thesis this linear line is formulated in two different ways, depending
on the properties associated with the controller.

In figure [8], it can be seen as a visual overview of the goal. In the beginning, the [UAV]aims at
wy, meaning A = \. As time goes, A — \; and the [UAV|aims more and more at w,. These
are the green lines in the figure. So for each step, the aiming is more and more at ws.

Path

4 Waypoint 1 (A = —1)
"' ®  Waypoint 2 (A =0)
- Airplane

Figure 8: lllustration of path convergence

3.2.2 Curved path

B-spline is a set of Bézier curves joined end on end. A Bézier curve can be linear, quadratic
or cubed. Examples of this can be seen in figure 9] In figure [9a]there is two points (x), start
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and end. Adding one points (star), gives quadratic curve seen in figure [9b] It can be seen
that the path do not go through the point, but gives a bend to the curve. Last is the cubed
Bézier which is four points. Also here the path do not go through the two middle points(star),

Figure 9: Example of linear, quadratic and cubed Bézier curves

B-spline is k degree curved with n + 1 points. So for n points will be n — k + 1 Bézier curves
joint in the B-spline curve. The degree have to be at least two, which is quadratic. In this
thesis the degree will be k = 3. The B-spline is continuous through the joint of the Bézier
curves, meaning that the end of first Bézier curve is the same coordinate as the start of the
next Bézier curve. Same as for the derivatives of the last of one, and first of second. The
B-spline curve is defined as

where P; is control points, or waypoints. As seen later in section 4.2.9] the set of control
points used in the B-spline are a combination of internal control points and waypoints making
a desirable curve. The basis functions are

1 i <A< N

Nio(A) = 0 else (40)
A=A Aipt1 — A
N,,(\) = —"N;, 1(A\) + — N1, 1(A 41
up( ) )\H_p_)\i 1, 1( )+ >‘i+p+1 — Nit1 +1p 1( ) (41)

here ) is the path parameter. The range of this is defined in the knot vector.
Wonot = (Ao - A (42)

where X € [\, \,]. Number of knots, m, is defined as m = k + n + 1. By chosen values for
the knot vector, the curve on the B-spline can be decided [22].

3.3 Successive loop closure

Successive loop closure is a principle for which the inner loop is fast enough to reach ref-
erence, that the outer loop can see this as a gain of 1. Typically the bandwidth of the inner
loop is 5-10 times faster than the outer loop[9].
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This principle is in both the vector field-based controller and the autopilot in the inner loop
of the NMPC| with a simplified kinematic model. In both of them, there is a reference on
yaw. From yaw, a Pl controller is used to find the commanded roll. With a PD controller, the
commanded input on the aileron. This is seen in equation [44] and 43|

k;
¢ = kp, (X“ = X) + ?X(Xc - X) (43)

0q = kpw (1/}6 - ¢) - kdﬁﬁ (44)

The inner loop is roll to the aileron. This loop is closed, with a fast enough bandwidth, so
¢° = ¢. Then the outer loop from course to roll, threat the inner loop as a gain constant of 1.
An example of this in figure [T0]

It is not wanted to have an integral effect in the inner loop because having an integral effect
inside a loop can cause bandwidth problems. Because an integral is time-consuming, and
this can slow down the inner loop. Meaning that the inner loop could possibly not have a gain
of 1. The integral effect on the outer loop can correct the steady-state error in both loops.

Inner-loop

Inner-loop

Figure 10: Control architecture of a successive loop closure [9]
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3.4 Optimizing

Optimizing is to minimize or maximise a cost function. In this context, minimize. With this
objective function, there is some constrains, which needs to be respected. There are equality
constrains, which means that something must be equal. And inequality, which means greater
or smaller. Typically denote:

subject to:
(46)

Here can see that £ are the equality constraints, and Z are the inequality constraints. f(z) is
the cost function, and z is the decision variable.

Some important terms

1. Feasible area: an area where all the constraints hold and can find a solution.

2. Constrains set: if the function is convex, then any two points on the function can con-
nect with a line that does not cross the function itself. Convexity can say if the solution
is a global or only local minimum. If convex, then global, and if not, then local.

A matrix, Q, is said to be positive definite if

x'Qx >0 V& (47)

From here, the notation of thisis Q > 0.

3.5 Nonlinear Model Predictive Control

As seen in section [3.4], optimization is to minimize. In a model predictive control, the goal is
to minimize an objective function, which can be the error between the wanted position and
actual position.

The [MPC]| solve the optimizing problem over a time horizontal. When all is solved, the con-
troller only applies the first input and disregards the rest, which means that for every time
step, the [MPC]| calculates the optimal solution—illustrated in figure Here the upper part
of the figure shows how the [MPC| calculate the trajectory and only apply the first step to the
plant, the lower part.
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Solution to the open loop
<Toptimizntion problem at t = ¢’

» Ty (most recent measurement)
o 1y (predicted)
— ¢ (predicted)

Measured L4
state at t/

4 Flant First control input

1 L | uy+ from solution

—‘—,_1_‘_'7 + Tt (measured history)

* Ty (most recent measurement)
B «—— U (control history)
—— up'(most recent control input)

+ Past  Future —
T T T T T T T T T T T T T T T f

t

Present

Figure 11: lllustration of how the works [24]

AINMPCl can be formulated based on the [OCP!.

min

z € R} f(z)

where
N-1 1 - 1 . 1 .
f(z) =) §Xt+1Qt+1Xt+1 + dgrp1Xeq1 + S W Riu; + dyu + iﬁut Ry
=0

subject to
Xtr1 = g(Xt; ut)
X, = given
Xlow S X; S Xhigh
ulow <u < ulioh
Aulow S u S Auhigh

where
Q: >0

R; -0
Ra: =0

The [OCP]in equation [49]is a quadratic function, with linear terms. If the [OCP|is ex the error,
this can be seen as computing the sum of all errors from time 0 to time N-1, and then finding

the optimal input to the system which gives the least error.
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The last term in the [OCP] is to control input change, in this thesis, this is not relevant and
hence removed. This also includes the constraints on the change of input in [54]

- [64]is the constraints for the system. The [50]is the nonlinear equation. [51]is the start
condition for state and input. Notice that index 0 on the state, and -1 on the input. [52and
is the constraint on the state and input.

The[55]is the gain matrix. Note that R, is removed (see above). All this matrix needs to be
positive invariant. This matrix is here time-variant, and in this thesis, this matrix is considered
time-invariant, meaning constant.
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Knowledge for a better world

4 Control Algorithm Design

This section will investigate the methods of solving the problems formulated in section [1.1]
Begin in section by looking at the different path parameterizations used throughout this
thesis. This overview will give the reader an understanding of the different path formulations
in the controllers.

The main focus of this thesis is the two optimal controllers seen in section [4.2] Begin in
section by looking at the augmented system proposed by [13] together with the timing
law. Then the two models are formulated in section [4.2.2and |4.2.3|together with the control
architecture. The path in this thesis will be both straight and curved. For the straight line,
there needs to be a switch mechanism between paths. This mechanism is described in
section together with the initialize of the path parameter. The curved path is seen in
section4.2.5

Both will be compared against a |geometric controller (gc). For straight line, a
controller from [9] is used. This controller is seen in section 4.4.2] In the curved path, a
INDGPFG controller from [25] is used. This is described in seen in section[4.4.3

Last, in section [4.5, the algorithm for choosing PI/PD gains for the lateral- and longitudi-
nal directional autopilot plus an airspeed controller. Both the [VFB| and NDGPFG| uses this
autopilot. In the low-level autopilot in the the lateral autopilot is the same, but in
longitudinal, there is a pitch controller.

4.1 Path parameterization

For the straight line, the approach for the two different[NMPC|and the [VFB]is a bit different.
For the curved path, the two [NMPC] and the NDGPFG]| use the same B-spline function.

Straight-line
For the optimal controler NMPC| the approach is to treat the path parameter as an error,
which should be driven to zero. Then the path is defined as [13]

P={yeRAe [ho, M|} = PO (56)
P()\) = W11 — /\(Wz - Wz'-l—l) (57)
where the path parameter A € [\y, \1] = [—1, 0]. Then the path parameter could be included

in the [OCP| as a virtual state to be minimized, shown in section So this gives
lim

T
A—=0 [n Pe pd} — Wil (58)

where [p, p. pa)’ isthe position in F".

Page: 21



@NTNU

4.1 Path parameterization Knowledge for a better world

In the [VFB| controller the path parameter is A € [A\g, \1] = [0, 1].

lim

N1 [n Pe Pd}T—>Wz‘+1 (59)

This same straight-line as the linear Bézier seen in section [3.2] Then the path is defined as

[9]
Pine(r,q) ={x e R*:x=r+)\q, AER}—= P (60)

Where the q € R? is defined as the difference between two waypoints
qQ=Wir1 —W; (61)
and r € R? is the first of the two waypoints, w; € R3. This can be written out as
PA) =wi + AMWip1 — w;) (62)
Curve

Just using the waypoints as points could mean that the path takes shortcuts. This shortcut-
ting is not wanted, and an example of this in figure[12]

Rk

I%ﬂé X X

@

ézier curve

Figure 12: Example of Bézier curve with short cutting without internal control points

In [22] the approach is to add two middle points in a cubed Bézier curve, which means that
from waypoint £ to £+ 1, two internal control points force the path through the waypoint £+ 1.
Opposite from seen in figure [12 where two waypoints are untouched. An example of this in

figure[13
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3.0

X Waypoint

@ Internal point
----- Control Polygon
2.5 1 —— B-Spline

1.0 1.5 2.0 2.5 3.0

Figure 13: Example B-spline with internal control points [22]

The steps to find the two internal points is that the first internal point is tangential to the first
waypoint, and the second internal point is tangential to the second waypoint. An example of
the internal points with regards to the waypoints is in figure 13, where the internal points are
tangential to the closest waypoint. First, start by defining the waypoints as Q. The vector
from waypoint k — 1 to k is

Qr = Wi — Wg-—1 (63)

The tangential vector to waypoint Q, is then given and illustrated in figure [14]
Vi = (1 - ap)ar + Qi (64)

where «y, is given by

Q-1 X Qi k=2,....n—1 (65)

A = s
Q-1 X di| + Q1 X At

do =2q1 — Q2
1 =2qp —
q-1 =290 — Q1 (66)
qn+1 :2qn —Qn-1
Qnt2 =20n+1 — dn
Unit vector of the tangent vector is given by

vV,
T, = —% 67
TV (67)
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Qy+2
Q-2
Figure 14: Tangent vector V,[22]
Defining the intermediate calculations as
_ —b+ Vb —4ac

N 2a

(68)

a
a =16 — ’Tk + Tk+1‘2
b=12(Pj3 — Py o)(Ts + Tip1)

C=— 36’Pk73 - Pk70‘2
(69)

Then the two internal points are given by
1
Pi1=Pro+ gaTk

1
P> =Pz — gaTk—H
where P, = w; and P,3 = wy1. Then, in this cubed Bézier curve is the four points:
wy+1. Loop through all the waypoints will give all the points
7Pn—2,27 Pn—l,la Pn—1,27 Wi, (70)

Wi Pk,l Pk,2
wo, Po1, Po2, P11,
Next is finding the knot vector. This is given by
U=1{0,0002 5 & & . i) (71)
where
Upy1 = Ug + 3|Pr1 — Py (72)
Looking at equation [71], the path parameter A € [0, 1]. This the gives
li T
e pe pa = own (73)

A—1

With the points in 70 and knots in [71] the B-Spline curve in equation 39 can be calculated.
This will be done using the script seen in appendix [7.9]
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For the optimal controller, minimizing the error ey = A — 1 is included in the [OCP]as a virtual
state, shown in section4.2.1,

Summary

In figure is a summary of the convergence of the path parameter A. It is ready to see
the difference between straight-line controllers and how they use the same function in the
curved path.

Path
Straight Curved
e ~ l

NMPC VFB B-spline

| | e ~
A—=0 A—1 NMPC NDGPFG
\ /
A—1

Figure 15: An overview of the path structure

4.2 Nonlinear model predictive path-following controler

This section will focus on the optimal controllers. In an optimal controller, the cost function is
minimized with the input as decision variables. Therefore in section |4.2.1], begin by looking
at how the [OCP]is defined to solve the path problem.

In the NMPC] there will be a simplified kinematic model and a dynamic model. These mod-
els will be investigated in section and [4.2.3] Regarding the two different path param-
eterizing from section [4.1], there is a difference in the formulation for the straight-line path,
section [4.2.4] and curved path, section4.2.5

4.2.1 Optimal control problem

Timing law
The path parameter X is introduced as a virtual state. To be able to control this parameter,
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the timing law is introduce[13].

g()\(k’),)\(k_l), ...,A,A,v) —0

| (74)
Vie {1,...k}: AD(t) = AV A(to) = Ao

The first line defined the timing law ¢(-), the second line defined the initialization condition
to the virtual states. The state v is the virtual input. This virtual input can be interpreted as
controlling the behavior along the path. Timing law is chosen as [13]:

)\(f‘Jrl) —
Mto) =Xo Vje{l,....7}: A9 (1) =0

Where

Where {r, ..., } is the relevant degrees.

The relative degree is the number of times it is needed to derive the output y to get input « in
the states. Which method to use for this task is up to the reader, but ordinary time differential
can be used or Lie derivation. A system has relative degree p in aregion Dy C D C R if [4]

LyLit=0 |, 1<i<p-—1
LyLf b # 0 Ve € Do (77)

An example is found in appendix [7.5]
Where the system has more than one output, it is common to write.

r=(ry,....,Tn,)

P = i i S Ny (78)
=1
Where n, and n, are numbers of output and states, respectively.
Augmented system
Given that the nonlinear system is defined as:
x(t) = £(x(t),u(t)), x(to) =x%o (79)
y(t) = h(x(t)) (80)

The size of the state x is n,. Then the function h(z(t)) maps from n, to n,.
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The virtual system is defined as

z =Az+ bv
0 1 0 0
- : 24| o (81)
0 -0 - 1
0 -0 - 0 1
A e
with
A =cCz
=1 --- 0|z
[ | (62)
=z
In equation [81]the virtual input v is )
ZFl =y (83)
and the virtual states are
K=z k={1,..,7} (84)

Adding the timing law with the virtual state and input, the augmented system is then defined
as:

o B ] @)
with the
-2

The size of the virtual state z is n.. Note the the state z is not an algebraic state. Where n,
is given by
n,=7+1 (87)

The total size of equation[85]is n, + n..

Path Followability
For the system to be exactly followable, Definition 4.2 in [13] is

o0 _.
Vike{l,...,nybi=1,... ;g1 i~ Lih(x) =0
6Uj 88
: 88)
For at least onej € {1,...,n,} :?erifhk(x) #0
Uj
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and a rr o) r
A(r) = : : (89)
%Lfny hi(z) o 8udnu Lfny hy(z)

is full rank. Here n, and n,, is the number of outout and input. r; is the relative degree vector

r:[rl . rny} (90)

and Lh(x) is the Lie derivative.

Cost function

From section and equation 58 and [73| that the path parameter describes the position on
the path. Using this together with the error between the [UAV|and path in equation [36] this is
used to solved the path problem. This is seen in equation [86] It is also desirable to control
the airspeed, so the airspeed error is included in the cost function. This gives

F(e) = [[(e)llg + llu, vlR (91)
wheree=1le, e eq Vi—Vires 21— Z1res)’.

From section [3.5], the NMPC]is defined (here with a integral) to minimize the cost function,
where

im0, u0)de + Mix(T)) 92)

subject to
0= f(x(t),x(t),u(t)), tel0,T+1]

X, = given
X7 < x(t) < xMm, t€0,T+1]
u' < u(t) < u"h te 0,77

(93)

Equation[93]is dependent on which model that is used. Starting at the top, f(&(¢), z(t), u(t)) :
R"= is the implicit differential equation of the augmented system. From equation[85|this gives

£(x(t), x(£), u(t)) = ﬁ _ [fli’; ;ﬂ (94)

Next line in equation(93]is the initialization. At the beginning of the simulation, this is the trim
conditions. After that the previous state is used to initialize the next. The two last lines is the
constrains on the states and inputs. This, and the augmented system to the models will be
further describe in section 4.2.2/and [4.2.3| The fixed horizon length is denoted T'.

Looking at the cost function in equation [92] this is the ACADOs form [19]. This is defined as
1(x(t),u(t)) = [Vax + Vou = yrer |3y (95)
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With the terminal cost

M(z) = [ Vix — yrefllve (96)

Here the gain matrix W and W*
W = diag{|Q R]} (97)
wWe=Q (98)

The matrix V, and V,, maps from n, and n, to n)"*"“, where n,, n, and n)"*"“ is the num-
ber of states, inputs and outputs, respectively. Where ny"¢ = n, + n,, meaning
including the input as a part of the output. This gives V.x = e, e. es Vo 21 O1n,]%,
Vix=le, e e Vo z]fandV,u=[01,, u’.Andy,.;=[0 0 0 Virer Zires Oixna)”
withye, = [0 0 0 Virer zirer]”. The matrix Q and R, which are R"=*"» and R™*"
respectively, is the diagonal positive defined gain matrix penalise the states and inputs, re-
spectively.

The virtual state z;, which is the path parameter, has a reference z, ,.;. Seen in section (4.1
this was defined as z ,.; = 0 for straight-line path, and z, .., = 1 for curved path.

4.2.2 Simplified kinematic model

In this section the simplified kinematic model will be investigated. Start by looking at the
model and propose a augmented system with virtual states defined in section and
then prove followability. This augmented system is used in the described in equa-
tion [92] and the constrains in equation [93]is in this section defined. Then a proposed control
architecture where a low-level autopilot is used to track the high-level NMPC|

The kinematic models used is based on the kinematic equation from [7] describe as

Pn =V, cos 1) cos O + w,

Pe =V, sin v cos 0 + w,

Pg = — Vysinf + wy (99)
0 =q

Y =r

Where p,., p., pa is the position and the wind, w,, w., wy, all expressed in F*. The
states 6, ¥,V, is pitch, yaw and airspeed, respectively. Input is ¢ and r. The airspeed can be
measured or be a state. For better control of pitch and yaw, and the assumptions that the
states cannot be directly change without any disturbances, these will be changed. In [9] a
first order approximated model

&y = by, (] — x1) (100)
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where b,, is a positive constant. In [11] a second order model

L=t (101)

I.Q :bofl'(l: — bll'g — bQ(L’l
where by;; is positive constants.

To see which of the first or second order model is best, both will be explored. Where in
section a model identifications study will be presented and one of the models will be
used.

First order model
For the first order model the pitch, yaw and airspeed are change to
Va =by, (Vi = Va)

a

0 =by(6° — 0) (102)
W =by (Y — )

Adding equation into
P =V, cos) cos O + w,
Pe =V, sin 1 cos 6 + w,
Pg = — Vasinf + wy
Va =by, (Vs = Vo) (109)

6 =by(h° — )

Y =by (Y — )

With the input
u=|[Ve 6y (104)

From section [4.2.1]the [OCP|was defined as the error between position and path. Including
the control of airspeed, the output is defined as

y = {pn —P(21)0 pe—P(21)1 pa—P(21)2 Var (105)

A timing law of # = 2 is proposed and gives

T (106)
Z9 =V
Which is the virtual state z; and z; and the virtual input v. Then the augmented system input
and output is
u=|[Ve 6 y° ol (107)
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T
y = [Pn —P(z1)o pe—P(z1)1 pa—P(z1)2 Va Zl} (108)
Where the relative degree vector is
T
r:[Q 2 2 2 1} (109)

Looking at the values in equation this was the motivation behind chosen the timing law

at equation [106]

Next is looking at path followability, seen in section 4.2.1]. In appendix matrix A is found
to be

by, cos()cos(0)  —Vybgcos()sin(0) —V,bycos(0)sin (i) —%ﬁl)_
by,cos(0)sin(vp) —Vibgsin(y)sin()  V,bycos()cos(8) —%ﬁl)
A(X) =1 —by,sin(0) —Vabgcos(0) 0 —%ﬁ) (110)
0 0 0 1
i by, 0 0 0

This must be full rank at xy, which is at trim conditions. Inserting the trim conditions from
section and the two first waypoints, the matrix A is

2.0997 —1.8859 0.3698 300
—0.1168  0.1049  6.6465 700

A(x =x9) = |[-0.0649 —61.1708 0 20 (111)
0 0 0 1
2.1040 0 0 0

Witch is full rank. If 6, = +£90deg, then matrix A is rank-deficient. But in this thesis, the

pitch angle will not be greater than +35deg. Note that 87;—21) will be evaluated in section |4.2.4

and for straight and curved path, respectively.

Then the proposed augmented system is

én =V, cos1cosf + w, — dpc(;l)o
€e =Vgsin cosf + w, — dpc(;l)l
éq=— Vysinf + wy — ‘HDC(Z'?)?
' g (112)
Va :bva(Va — Va)
0 =by(6° — )
W =by (V¢ — )
le =Z2
29 =0V
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Where zy;, is virtual states and v is a virtual input. The system input is

u=[ve o v o] (113)

a

and the output
T
y=len € ea Va 2] (114)

The proposed augmented system in equation [112]is explicit. Changing it to implicit, as in
equation [94] this is used in equation [93] Next is the constraints on the states and inputs.
The error states are ¢, e, and ¢, is chosen arbitrary big enough to not be violated.

The yaw angle can, in principle, be a multiple of 27 since the [UAV| can rotate around itself.
The yaw angle is chosen to be +360deg. The feedback yaw angle is mapped in (—180, 180).
If the NMPCJhad this constraint on yaw angle, then instead of going from —179deg to 179deg,
which is 2deg the smallest way, it would go 358deg. So even though the constraints are
+360deg, the feedback is mapped in (—180, 180). With setting the constraints +360deg, the
optimal solution in the time horizontal can go beyond +180deg, and then the errors between
PYNMPC _ pUAV is mapped to prevent discontinuous jump. Want to avoid the V"*¢ close
to the constraint, which could make it unstable in the sense of a circular turn on the path to
correct the angle.

For the pitch angle, this angle has physical limits and is more constrained. If, for example,
the pitch angle is —90deg, then the [UAVE noise is pointing to the ground. Therefore choose
to be £35deg. A to high pitch angle can also led to stall conditions.

For airspeed the reference is a constant V, ., = 187, therefor the max airspeed is chosen
to be 257 with min 157,

The virtual states z; are dependent on the path. If straight line then z; € [0, —1] or curved
z € [0, 1], which is seen in section 4.1, The upper limit is chosen a bit higher to prevent
constraint violence when approaching the upper limit. This was the case in the specialization
project in [1]. Therefor z; € [—1,2] or z; € [0,4]. For z this is [0, 10], this gives that movement
on the path must be positive, and hence always along the path. Then

[ —1e5 ] n [ 1eb ]|
—1led €e leb
—1leb €d leb
157T < V. < 257T (115)
—35155 0 35155
-2 P 27
21 21 Z1
L 0 ] _22_ L 10 ]
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where z; = —1 and z; = 2 for straight line, and z; = 0 and z; = 4 for curved.

For the input, V¢, 8¢ and ¢ ¢ is chosen the same as the upper and lower limit of their respective
state. The virtual input v is chosen arbitrarily.

15 Ve 25
—35.% o 35T
< < 180
=27 | — (¥ T | 27 (116)
—10 v 10
! high

Second order model
For the second order model, the pitch, yaw and airspeed is

V., =a,
aq =by, oV — by, 10, — by, 2V,

0 =q

q =bgo0° — by 1q — by 20 (117)
b =r

T :b¢70¢c — b¢717“ — bwg’l?b

where
d

dt
d

—9 = 118
50 =1 (118)
d

al ="

and the input and output is the same as for the first order. Propose a timing law of # = 3

V., =a,

2.’1 =Z9
Z9 =23 (1 1 9)
Z’g =v
Then the relative degree is
T
r:[3 33 3 2} (120)

Looking at the values in equation [T20] this was the motivation behind chosen the timing law

at equation[119

Then the matrix A is found, in the same way as for the first order model. Note that the A is
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the same for the first and second order model.

by, ocos()cos(0)  —bgoVacos(v)sin(0) —byoVacos(0)sin(y) —%
by, 0cos(8)sin(v) —beoVasin(y)sin(0) by oVacos()cos(0) —%

AX) = | —by, psin(6) —booVacos(6) 0 _aplz | (121)
0 0 0 [
bv,.0 0 0 0

which is full rank in the trim conditions (same as the first order). The full augmented system
is

én =V, cos) cos b + w,, — dpc(;l)o
ée =V, sinv cos + w, — dpc(;l)l
. . dp(21)2
cid:—Vasmb’—i—wd— i
Vo =aq
aq =by, 0V, — by, 104 — by, 2Va
0 =q (122)
q =bp,00° — bg1q — by 20
Y =r
7 =by 0 — by 117 — by 2t
21 =29
29 =23
Z3 =V

Change equation to implicit, this is used in equation In the second order model
the additional state constrains are the rate states. This is chosen so that the states do not
change too much. The z;3 is the acceleration on the path, and are chosen so the virtual

position z; do not move to fast for the [UAV]

—5 Va 5
—103%5 0 10455
105 | <[4 ] < [105 (123)
O z9 22

23 Z3 53

where z, = 0.09, z3 = —0.002 and z3 = 0.002 for straight line, and z, = 0.009, z; = —0.0002
and z3; = 0.0002 for curved. Which makes sense that the acceleration along the path for
curved is less, because this is longer since this includes the whole path, compared to just a
line segment for the straight line-
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For the second order model

15 Ve 25
—35.% o 35T
< < 180
=27 | — (v — | 27 (124)
—0.1 v 0.10
! high

Disturbance observer

To compensate for any modeling error in the simplified kinematic model in down, a distur-
bance observer is used. This is done adding a disturbance parameter, d,;, on the augmented
equation or[T122/for e,. This disturbance is found through.

Apa(t) = pa(t) — pa(Llt — 1) (125)
where p,4(t) is state of[UAV|and py(1|t — 1) is:
pa(1|t = 1) = eq(1]t — 1) + p(z1 (1]t — 1)) (126)

where ¢,(1|t — 1) is the NMPC| state and p(z; (1|t — 1)) is the path function at z; (1|t — 1). The
t — 1 means last iteration. The disturbance is then found

da(t) = da(t) + lrApa(t) (127)
where the [ is the learning rate.

Control architecture

In figure [16] the architecture of the kinematic model in the NMPC] with a low-level autopilot.
Here the pink and purple boxes are the initializing and switch. The autopilot gets the
states ¢ and # as commanded angles.

The feedback to the[NMPC]is position from the [UAV] which are used to calculate the updatet
error and the virtual states. Find the values of z; and [e,, e, e4]” is described later. The rest
of the internal states V,, 0, ¥, V,, 0, w 29 and z; are feedback to the NMPC
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Path

Figure 16: Control architecture of a kinematic model in NMPC| in the outer-loop and an
autopilot in the inner-loop

Output of the NMPC is

T
yNMpC:{en €e €4 ‘/a Z1 ‘/ac HC wc U] (128)

The following equation describes the autopilot. Note that X8 has no rudder.

K.

615 — va (‘/:ZNMPC _ ‘/IIUAV) + Vg, (VaNMPC _ ‘/;IUAV) (129)
“ ]
K;

¢c — pr(d)NMPC o wUAV) + _W(Q/)NMPC - ,wUAV) (130)
S

0a = Kp¢>(¢c - ¢UAV) - Kd¢p (131)
K.

56 — er(eNMPC + QUAV) o ﬁ(eNMPC o QUAV) (132)

S

4.2.3 Dynamic model

The differential equation in the full dynamic model is more complex than the kinematic model.
For this thesis, the dynamic models of the X8 Skywalker are used. This is retrieved from the
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[UAV] autofly repository, which is a collaborative code network at NTNU. Which frame the
states are expressed in, and attitude representation can be chosen. The [OCP]is position
error and airspeed. Therefore it is desirable to choose the states [ « V,]? instead of
[u v w]”, described in section (3.1}

The states are then .
x:[pv;ﬂa@sza} (133)

wherep=[p, p. pi",O=[p 0 ", Q=[p ¢ r"andd=1[. 6, 6. & The
frame is the stability and the rotation is rotmat, meaning the Euler-angles.

Input to the system is control surfaces rates.

u=[5, & & & (134)

Choose the timing law # = 3 which gives

Zl 29
22 = | %3 (135)
2:3 (%
The input and output is
. . . . T
u=[0, 0u 6 & v (136)
T
y = [Pn —P(z1)o pe—P(z1)1 pa—P(z1)2 Va Zl} (137)
Then the relative degree is
r=[3333 2 (138)

Looking at the values in equation[138], this was the motivation behind chosen the timing law
at equation [135]

To prove exactly followable and matrix A to be full rank is done by the symbolic calculating
using CasADi [26] in Python. Matrix A needs to be full rank at z, (trim conditions). The only
states that change in simulations is the yaw angle and positions. A configuration of the yaw
angle would not affect the full rank—the result when z is trim condition.

0.106432 —0.205233 0  9.50851  —300

191282 0.0114195 0 —0.529068 —700

Ax=x))=]| 0 ~12.3043 0 —0.204062 10 (139)
0 0 0 0 1
0 —0.20555 0 952322 0

Which is not full rank. But the third column is the rudder input, which is basically not an
input. So, removing this column makes it full rank.

Page: 37



@NTNU

4.2 Nonlinear model predictive path-following controler HOW{PHPAOTa HaSFAmitd

The proposed augmented system is then

o — . dP(zl)o
n p’I’L dt
.. dP(z1)1
€e =Pe di
b0 =P — dP(Zl)Q
' d =Pd di
Voo
Ve = RY 1)+ RY(R)TE - wl x v
& cos 3

¢ =p + gsin ¢ tan 6 + r cos ¢ tan 6
é:qcos¢—rsin¢ (140)
1 = — qsin ¢ sect + r cos ¢ sec
Whyn = — Wiy X Why, + (IH ' (Rym’ — Wpn X J'wp),,)
5@ =u
5(1 =U2
5. —uy
5t =Uy
21 =29
Z9 =23

23 =V

[27] where wp,, = [p ¢ 7]". To calculate the Euler angles differential equation, need to
use to rotation matrix to find the angular rotation

3

q| =Ry, (141)

r

Furtheron vy = [V, 0 0", wi, = 1[0 a 0", J* = R;J(R;)". Note the subscript on
wj/n» this is to keep the angular rotations wj, and w; , separated. The subscript b/n can be
read as the body frames angular velocity with respect to [NED|frame and s/b as the stability
frame velocity with respect to body frame. Both of them expressed in stability frame. The
forces, moments and rotation matrix is defined in section [3.1]

The input and output are.
. . . . T
u=[0, 0u & & v (142)

y:[en e €4 Vo Zl}T (143)
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Next is the constraints on the states and input. The states e, e., e4, yaw, pitch, and airspeed
are chosen the same as for the kinematic model. For the roll angle ¢, sideslip g, and angle
of attack «, this is chosen from physical limits. With a too big angle of attack, stall conditions
can appear. The value for this is chosen from the repository alpha_0 = 27deg. The control
inputs elevator, aileron, and rudder have physical limits, with the throttle response to be from
0 to 1. The angular rates are chosen arbitrarily. The virtual states z; and z, are the same
as for the kinematic model, with z3 chosen arbitrarily. This can be negative because of the
ability to reduce the value of z,. Note that since there is no rudder, the upper and lower limit
is 0.

[ —1e5 | [pa] [ leb ]
—1led De leb
—1led Dd led

15 V., 25
58] |

—277% « 27355
—397% ) 35155
—357% 0 35155
—2m Y 27

o |<|p|<| # (144)
—T q m
—T r T

—357% e 35155

—357% 0 35155
0 Oy 0
0 0y 1
21 Z1 Z1
0 Z9 0
—10 Z3 10

- xlow ) ) ) - xhigh -

where z; = —1 and 2; = 2 for straight and z; = 0 and 2; = 2 for curved.

The input is the control surfaces rates and is chosen arbitrarily. A more realistic value for
the 4; could be to measured how the actual actuators perform and the rates they change.
Although the values in equation[145]are big, the gain matrix R decided how much the inputs
can be used, where a big value means that the input is expensive.

—100 Oe 100
—100 O 100
—100| < [4,| < [100 (145)
—100 o 100
—25 v 25



@NTNU

4.2 Nonlinear model predictive path-following controler HOW{PHPAOTa HaSFAmitd

Control architecture

This can be seen in figure[17] The[NMPC]solves the OCP|and sends the optimal §-states to
the [UAV| The [UAV]feedback the states to the NMPC]| and also the position to determine the
switch of waypoints. Note in figure [T7]that input to the [UAV]is 4,, é. and 4, and not 4,. This
is because the X8 do not have a rudder. But in the feedback, the 4, appears. This is not a
mistake, this is simply a constant 0. Since the rudder is included in equation [140] this is also
included in the feedback in figure

Path UAV

V,.BLo,®,8,%,5,,5,38,5

e.,e_,e,

A

-

Figure 17: Control architecture of a dynamic model in the NMPC

4.2.4 Straight-line path

Initializing path parameters
The straight-line is in section[4.1] defined as

P=wi1 — MW — Wiy) (146)

Seen in section that z; = A. This parameter needs to be initialized as the closest
point on the path for the [UAV] Also, with a set of waypoints, a change of path segments is
needed. The z, and z3 can be seen as the movement and acceleration on the path. The
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start movement and acceleration on the path is zero, hence z, = z3 = 0, like the timing law.
Choose z;

21 (to) = (147)

arg min
& ‘ Puav — 73(21)

21 € [—1,0]

Too initialize z, the along track error seen in figure [21]is used. This error is not used in path
following problems, but in trajectory tracking. From [9] the error is describe as

Cpz = COS(XQ)(pn - Tn) + Sin(Xq)(pe - Te) (148)
where p and r is the same as in section |4.4.2,

The e, is given in meters. Therefor normalized with the length of the path, w; to w;,. Hence

21 = min( — 1,1+ P2 (149)
Qnorm
where
Wit1 — W, (1 50)
Qnorm = 17 7
Wit — will

The function can be seen in appendix [7.7]

A switch mechanism NMPC
In [9] inserting a fillet between waypoint, segments can be used to find a suitable point for
which a switch can be made. The design parameter for this is the radius of the circle R, see

figure[18]

( R ) Qi1 — Qs
Wi — o0 T
sing J flgi — qs

h, s

Figure 18: lllustration on the fillet between straight line path[9]

The angle p between the two lines, defined as

p = arccos(—q; ,q;) (151)
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Where w
Wit1 — W
Q= (152)
Wi — wil|

Define S* as the stopping point and S~ as the start point. From figure [18] these two points
are

Sf =W; — R q;-1
tan(%)
(153)
_ R
The ST vector is normalized
) St
Zi:m/n(—l,—1+ ) (154)
q;
Where Z is threshold value for a switch.

else pass

S; is set as the new starting point for the path, replacing w;. Meaning that the new path to

7

follow is
P(Zl) = W;i11 — 21(8:1 — Wi+1> (156)

(2

Algorithm 1 Switch

1: Waypoints index idz,, = 0
2: Find switch parameter 2,4,
3: Find new start S;;,
4: for Simulation do
NMPC < (Widxwawidxw+l)
Get path parameter z; from NMPC
if Zidmw <z then

1dx,, < idz, + 1

9: Sige. + €1

O N o

10: Zidz, < €q[154]
11: Widew < Sigp, -1
12: z1 < eq[149
13: else

14: Pass

In figure [19]an example of where the switch points are. It is also seen how the reference for
the [UAV] cut corners. The script can be seen in appendix [7.8]
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North East frame

4007 N X Ss” NED frame ... Pror
v st < s
v Center S*

204 Nl e Pref Vv Center

\ -200
0 v:
T X -202
=
o
5 —200 2 -204
= E
i 3 206
~400 1
-208 200
00 A
.y -210 888(’%\&
-e004| | /s
_ 10008
i 600 _400 9
—200 o 54 1200
East [m] 400
0 200 400 600 800 1000 1200 1400
East [m]
(a) NE-frame (b) NED-frame

Figure 19: Example on switch points on a rectangular pattern of straight line path

Cost function
In the augmented systems [112] [122] and [140] the position error dynamics

. . dP
e:PUAv—df

; (157)

The time derivative of the path is:

dP 0P .

dt 821
rdPo
0z1
IP1 Z
| 9z1 1
P2
L 0z
6(wi+1o—zlAw0)
0z1
— 8<w¢+11721Aw1 :
AN A 2|
o1 (158)
8(wi+12—z1Aw2)
L 621 -
_—AU}O
= —Awl 21

_—A’LUQ

AUJO
= — Awl 21
A'U)Q
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Where
AU}O
Awi | =wW; — Wi (159)
AIUQ

4.2.5 Curved path

Initializing path parameters
The curved path is described in section and with the B-spline curve defined from equa-
tion [39] the curved path is

P(A) =C(N) (160)

Note again that z; = \. As for the straight-line, the path parameters z, = z3 = 0 her as well.
Finding z;

_arg min
ai(to) = 2 € [0, 1] '

this is solved using the function project point_to_curve in NurbsCurve which solved it as a
NLP.

puav — P(z1) (161)

Cost function
The error dynamics in position is still

. dP

e:pUAV—E (162)
The time derivative of the path is:

@ _(977(21)z

dt N 821 !
163
—8C<Zl)2 (163)

B 821 !

where C(z;) is the B-spline function. This calculation is done using jacobian mxfunction in
CasADi [26].

4.3 Model identification

For the model identification a cost function

J = ||ymeasured — Ymodel Hg (1 64)
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is defined, where y,,casurea iS measurements from the [UAV] The ,,,,4.; is defined as

Ymodel = L1 (1 65)

which is the state looking at. This is V,, # and . For the second order, chosen one of V,,
or ¢ in equation[117] gives f(z) to be

_ x2
f(x) = [bou by — 521‘1] (166)
where input u is same input as for the [UAV| The goal is to fit the nonlinear model to mea-
surements. The constant, b;;;, are decision variables and the cost function minimized. Then
the optimizing problem is

min

b07 bla bg ||ymeasured — Ymodel Hg (1 67)
subject to
f(x)
X0 (168)
boo, blo, bQO

where b;, is the initial guess of the constants.

The solver is a Gauss-Newton solver with Runge Kutta 4 integrator. Then a single shooting
strategy is chosen to find the parameter value that fits the nonlinear model [26].

4.4 Geometric controllers

The two geometric controllers are included to be used for comparing the performance of
the kinematic and dynamic model [NMPC] Start by looking at the [VFB| which is used for
compared the straight line path[NMPC| For curved path, a[NDGPFG|is used.

4.4.1 Autopilot

Both geometric controllers uses a autopilot to track the commanded course/heading and
height. In this section the lateral and longitudinal autopilot and a airspeed controler is pre-
sented. The control architecture for the controllers are seen in figure [20| and 25| for the

and [NDGPFG| respectively.

Lateral autopilot
The outer-loop is to control the course/heading angle of the [UAV] The high-level controler
gives the commanded course/heading angle. The PD controler is

k;
¢ = kp, (X“ = X) + f(xc - X) (169)
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The inner-loop is a roll PD controler, defined as

5& = kp¢(¢c - ¢) - kd¢p (170)

Longitudinal autopilot
The outer-loop is to controller the height of the [UAV]| The high-level controler gives the com-
manded height. The controller is defined as the Pl controler

kip C
0° = ky, (pg — pa) + Sd (pq — pa) (171)

The inner-loop is to control the elevator input 6.. The PD controller is defined as: beginequa-
tion
O = kp,(0° — 0) — kayq (172)

Airspeed controler
The airspeed is set at a constant reference. The Pl controller is defined as

ki,
Op = kipy, (V' = Va) + == (V' = Vi) (173)

s a

The gains are described in section 4.5

4.4.2 Path-following with vector-field based controller

This controller is a vector field-based controller, where the approach is to use successive
loop closure. In the lateral direction, the aileron controls the yaw to roll, and in the longitudinal
direction, the elevator controls the height to pitch. The airspeed uses a Pl controller. An
overview of the system in figure 20l Note that the feedback to the PI controler in the course
segment is the [UAV| course angle, and for the PD controler the [UAV]|roll angle. For the down
segment (midle), the PI controler is feedback on [UAV] altiude and for the PD controler the
pitch angle is feedback. For the airspeed PI controler the feedback is the [UAV| airspeed.
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Xl q)c oy 5,
> Pl > PD
P(})
Path
8e Pp pe’ pd
> PD
0
3
Pl !
vt

Figure 20: Control architecture of controler for straight line path

Path
The path algorithm is based on vector field [9]. The output is the commanded course angle
and height. Since this is a path following, only consider the error along with the cross-track

error, defined as
Epy = — sin (XQ)(pn - 'rn) + cos (Xq)(pe - TE) (1 74)

where this is trigonometry from figure [21]
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north

east

Figure 21: The cross track error ¢,, and along track error ¢, for the with respect to the
path P(A(t)) [9]

Beard and McLain[9] prove stability, when driving the cross track error to zero, with the
following controller

2
Xd = Tq — XOO; arctan (Kpaenepy ) (179)

Here the x> is the commanded coruse angle when the aircraft is far from the line, see
figure . The gain k., is a parameter to tune how fast the sigmoid function, arctan (-),
curve around zero, see figure [22b]

The correction of course, x, is defined as
Xq = atan2(qe, qn) (176)

Where the q vector is defined as

where w is waypoints.
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B e =01
/a',’”,/",/’,/’,/’,/’,/// kpmh 0
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A ] path
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PP FE P IISARNNSS S S k’pumzo-s
‘ ‘ ' ‘ ‘ ' ‘ ‘ k =1
path
(a) Shows x> angle when far away, and x, _100 o > = -
when close to path with the vector field in direc- . . .
tion to path P (b) Gain k4, Which effects how quick to converge

Figure 22: Visually showed how vector field guides the to path [9]

To get the commanded height, the trigonometry from figure 23b] is used. Figure [23b]is a
representation from where the q and k axis is merge. Then

—Sd —qd
= (178)
VRt st o+ @
Rearrange this equation to
_ [ 2 dd
Sq = —1\/S2 + 82 — (179)
qn T qc
Where the s vector is .
s' =€l — (e/n)n (180)
Were the normal vector n is i
nx k'
n=———— (181)
I x k7|
and the error € is
Epn ) ) Pn T'n
ef = |epe| =P —1' = |pe —Te (182)
€pd Pa —Ta

Where the r‘ is the first waypoint, and p‘ is the position for the aircraft.
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The commanded height is then
pS=h"=—rq—sq (183)

down

(b) Projection of the path line q in eq to a
(a) frame with path and local frame with shared z-axis as|[NED]

Figure 23: Frame for which the commanded height can be found [9]

Note then the [smallest sign angle (SSA)| function is used in the algorithm, which maps the
angle from [—x, ) to prevent discontinuous jumps in angles [28]. The function is called
SSA(-) where the input is angle in radians.

The whole algorithm in attachments[7.7]

Switch
The loop going from UAV to waypoints is the switch mechanism. This is if the UAV is within
a radius of the waypoint.

BOOL = |p—wiyui|| <R (184)

Where p is the position of UAV and w;,, is the targeting waypoint, both expressed in F".
This gives the statement
1fBOOL switch
else pass

(185)

4.4.3 Nonlinear differential geometric path-following controller

ANDGPFG| from [25] proposed a guidance law design which is built on the principal of the
look-ahead point-based path-following guidance law. Here the normal guidance commanded
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input is.

aﬁcmd = k?(VMI X ]: X VMI) (186)

where k > 0 is the a gain, v,;, the inertial velocity of the [UAV| The look-ahead vector L is
defined as

L = cos(f,)d + sin(0,)Tp (187)

where 6, is the look-ahead angle and d is normalize shift error vector, both seen in figure .
The tangent vector to the path is denoted T'p. If ||d|| = 0, then

L=Tp (188)

.
/~Desired Path
“~Boundary Layer

\, ¢ —M
C

Bn’

— . |

Plane Defined by N, & B,

.";

s /

Oseulating Circleat P—_ -+ /

Figure 24: Guidance geometry [25]

The normalize shift error vector is

A

d =e+ dshiftSignOﬁp)Np
d (189)
d]]

(@I
Il

Where there error e = P(\) — Pyay, dsnige is the radially shifted distance, seen in figure
as the distance between P and W. The variable xp is the curvature of the path, and Np is
unitary normal vector to the path. The radially shifted distance is defined as

2
dshift = (1 — (g arccos |H;|> ) O81 (190)

T 1—c¢
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where ¢, is the boundary-layer thickness, which is a design parameter, and ¢ is a arbitrary
small value.

The look-ahead angle in equation [187]is defined as

HLZE\/I—(I—e)sat<M) (191)
2 dBL
where the saturation term is

sat(z) =x it |z| <1 (192)

sat(z) =sgn(z) if |z|>1

The aﬁcmd € R? in equation can be used in a minimising problem where the decision
variables are thestates expressed in Fi. From this, the p; and ¢ can be readily collected
and used as commanded input. Then a successive loop closure is used, in the same way
as described in section[4.4.2] The overview can be seen in figure [25]

Path

Figure 25: Control architecture of NDGPFG| controler for curved path
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4.5 Gains for the autopilot controller

In the lateral direction, there is a controller for heading/course and roll. The roll controller
is in the inner loop, with the heading/course in the outer, using successive loop closer from
section 3.3} For the longitudinal direction, the inner loop is the pitch, with the height in the
outer. The last controller is for the airspeed. An overview can be seen in table [2, Note that
the pitch controller for the low-level autopilot is a Pl controller.

Lateral Longitudinal Speed
Yaw/course Roll Height Pitch Airspeed
Guidance controller Pl PD Pl PD Pl
Low level Pl PD - Pl Pl

Table 2: Overview PI/PD controllers

The following two subsections used the gain algorithm from [9], where the parameters of
the Skywalker X8 are from [23], see appendix [7.2] The script for the gains is seen in ap-

pendix[/.10]

4.5.1 Lateral-directional autopilot gains

Heading/course gains

The gains for the course controller are based on the concept of bank to turn. Here the
sideslip angle, 3, is zero. If the aircraft has a rudder, then the sideslip angle can be kept
at zero. The X8 does not have a rudder, and the sideslip angle is not zero while turning. If
the sideslip angle is significant, the[JAV|can fall into the turning circle. Regardless, the gain
setup works and will therefore be used. For the vector-based controller, the course angle is
used. Note that the difference between the gains for the course and heading angle is that
for the course, the groundspeed, V, is used, and for heading the airspeed, V is used. The
proportional gain is

2 Vi
by, = Cw“gjw (193)
Where g is gravity. The integral gain is
WiV,
ki, = wT (194)
where ]
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The bandwidth separation, W, between the inner and outer loop and (, are the design
parameters.

Roll gains
For the lateral inner-loop, the proportional gain is

max

kp, = —=—sign(ag,) (196)

mazr
€

where the max error, ej'“*, is a design parameter. This is the chosen max error between
state and reference. The natural frequency is

W¢ = 1/a¢2kp¢ (197)

The derivative gain is

kdd) — 2C¢w¢ B 0“¢1 (198)
oy

Where the damping ratio ¢, is the design parameter. The ay,,, is based on parameters of

the X8.

1 b
g, = —§PVbeCppW (199)
1
Agpy = §pva25bcpp (200)

Where p is the air density, S is the wing area, b is the wingspan of the aircraft, and

Cpy, = T3Cy +T4C,, (201)

Where C, is roll damping derivative and C), is nondimensional aerodynamic coefficients for
pitch and the inertia parameters

J

T3="% (202)
‘].Z’Z

=7 (203)

I=J,J.—J2, (204)

All parameters can be seen in table [20]
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4.5.2 Longitudinal-directional autopilot gains

Height gains
The natural frequency is
1

Wy, = w 205

Pd Wpd 0 ( )

Where bandwidth separation, W, ,, is a design parameter. The controller for the height is a

PI controller. Where the integral effect removes the steady-state pitch error. In a successive

loop closure, the inner loop is treated as a gain of 1. In the pitch case, the DC gain is not 1,
but

k Qg
Ky  =—22 206
Opc ag, + kp9a93 ( )

Taking advantage of this, the proportional and integral gain are

2Cp4Wpq
— 3Pd7Pd 207
Ppg K9DC Va ( )
2
w
ky = —2i_ 208
= R VL (208)

Where the damping ratio, ¢, is a design parameter.

Pitch gains
With the same idea as for the proportional gain for roll, the proportional gain for pitch is

max

by =z sion(as,) (209)

where the max error, e;***, is a design parameter. The natural frequency is
Wy = \/CLQQkpe (210)

And the derivative gain is
g, — 2040 00 211)

CLg3
Where the damping ration, (y, is a design parameter.

The ay,, is based on the parameters of the X8.

2
_PVacSe, ¢ (212)
20, ™2y,

Ay,
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pV2ieS
— P 21
a'92 2Jy Cma ( 3)
0g, = LVecS (214)
03 — — &5 7 “Um
’ 2J, be

Where c is the mean chord of the wing, J, is the y element of the inertia matrix, C,,_ is pitch
damping derivative, C,,, stability derivative and C,,,;_ is the aerodynamic coefficients of the
elevator. All parameters can be seen in table [20]

4.5.3 Airspeed controller gains

The proportional and integral gains are

Koy, - (215)
2
w
j “Va 216
Ve Ay2 ( )

where the natural frequency, w,, and damping ratio, ¢,, are design parameters. The a,,,, is
found

VS Spro
an =02 [Cp, + Cp,a® + O, 62] + 2222 Co Vi (217)
VS
Gy = 2 2 Cronkmotond; (218)

Where subscript * is the trim conditions, Cp, is the drag coefficient predicted by the linear
model at zero angle of attack, C'p, and Cp;_are stability derivatives, S, is the area swept
out by the propeller, C,,,, is a coefficient of the propellet, k... i a gain of the motor and m
is the mass of the X8.
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5 Results

In this section, the results using the control algorithm design described in section [4] will be
presented. Start by looking at the gains used in the low-level autopilot for both geometric
controllers and the kinematic model NMPCl This is seen in section 5.1l In section is
the results of the identification of the simplified kinematic model. Then in section an
introduction to the simulation where the hard-and software is presented. Last is the results
of the simulation. Start with the straight-line in section[5.4]and the curved path in section[5.5]

The names of the simulation scripts is seen in appendix[7.1]and can be found in the reposi-
tory UAVIab autofly in the branch path_following_thomas.

5.1 Tune controller

In this section the design parameters from section [4.5) will be tuned. All the gains are func-
tions of V,, meaning they are adaptive. In table 3| is an overview of tunable parameters.
The tuning was done by looking at the step responses in a one-by-one state. Starting by
looking at the inner-loops, which is the roll and pitch. Then the outer-loop with yaw/course
and height. When tuning the outer-loop, it was also important to consider the inner-loop.
Especially when deciding the bandwith separation . Start by tuning without wind in the sim-
ulation. When all the parameters for both inner and outer-loop were found, the wind was
included in the simulation. Then some small adjustment was made to compensate for the
wind. Acceptable criteria are fast convergence to reference and also as small overshoot as
possible.

Damping ration Bandwith separation Max error Natural frequency
Gt Wiy i wi
(2 Gy Wy
¢ Cs g
Pa de Wpd
0 Co ey
Va v, wy,

Table 3: Design parameters

5.1.1 Lateral-directional design parameters

The lateral-directional includes the yaw/course and roll. With the actuator aileron to control
the @ Started by tuning ¢, and e;** in the roll-controler. For the two geometric controllers
this is equation and for the [ NMPC]this is This roll controller gives the aileron input.
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Finding ;' was intuitively selected, and having in mind that this is the only tunable param-
eter in the proportional gain, see equation {196, Whereas the ¢, influence the derivative gain,
see So when the proportional gain was acceptable, the derivative gain through ¢, was
chosen.

Next, the ¢, and W, in the yaw/course controller. The gains for the yaw and course con-
trollers are the same. So for the two geometric controllers, this is equation[169] Note that the
uses course angle, while uses heading. For the this is equation 130
Important to remember here is to have the W, big enough. The bandwidth is used to decide
the natural frequency of the yaw/course controler, which is the only tunable parameter in the
integral gain, see equation[194] So started with tuning the ¢, which, together with the 1,
influence the proportional gain, see equation So a value greater than 5 was applied
to the W,,, then tuning the (,. When the proportional gain was acceptable, the integral gain
through the W,, was chosen. When decided the W, it was important to also look at the
response for the roll. Because this inner-loop is assumed to be a gain of 1, see section

The results in figure [27] without wind with a step input on heading. Through this, the com-
manded roll angle and aileron are found. Here the commanded yaw angle is set in fig-
ure [27a(top). At the beginning of the step response, the yaw angle is going oppositely.
This behavior is highlighted in figure [26] This happens because there is a zero at the right
half-plane, which makes it unstable. From [9] the transfer function for the course

2¢wn, 5 + w%x

H, = (219)

s2 + 20 wn, s + w2

So, when the bandwith is close to the zero, it is unstable. Throughout the actual path sim-
ulations this has not been a problem. And it does not happen in figure [27b| where there is
wind.

Yaw [deg]

8 10

Figure 26: Minimum phase

It can be seen in figure 273 that both the yaw and roll controller are converging to reference.
In figure it is simulated with wind. Here, the controller can not follow the reference. The
yaw controller is better to follow reference when it is not constant. This is seen figure
where the commanded yaw angle is a sinus curved. Since it is not likely that the yaw ref-
erence is constant for this thesis, this is accepted. Can also see in figure that the roll
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controller has some overshoot, but this is small. The design parameters can be seen in
table (4l

4 — — T [y s ~ T
LI s \,\/\/\/J YV \/ _
_ Y — _ N \ B AV —
£ \ ’ £ : — ;;{WM\’/\ AN A / /\/ \ g ZZ - M -
e Z: o~ e _s ' \/ \Y, \ \ E s MNANSNAS ~
10 — 6, 10 —h F — &
- 2 Z20
S s s s
2, i‘ 2o W\J\/\/’\/ 2o w

0.0 25 5.0 75 10.0 125 15.0 175 20.0 0.0 25 5.0 75 100 125 150 175 20.0 0.0 25 5.0 75 10.0 2.5 150 175 200

Time [s] Time [s] Time [s]
(a) Without wind (b) With wind (c) With wind

Figure 27: Lateral-directional - Yaw to roll with aileron response

Parameter | Value
Wy 20
Cy 0.5
Co 1.8
eg 15

Table 4: Lateral-directional design parameters

5.1.2 Longitudinal-directional design parameters

The longitudinal-directional includes the height and pitch with the actuator elevator to control
the [UAV] This controler is used in the two geometric controllers, see equation [172] Start
by tuning the inner-loop, which is the pitch controler, and the parameter ¢, and e;***. Also,
here ¢;** is the only tunable parameter in the proportional gain, see equation 209 When
the proportional gain was acceptable, the derivative gain, see equating through (y was
tuned.

Next was the height controler, and the parameters ¢,, and W,,. This is used in the two
geometric controllers, see equation [T71] Started by tuning the proportional gain, which is
influence by the two tuneable parameter, see equation [207] So a value greater than 5 was
applied to W,,, then tuning the ¢,,. Then the integral gain, see equation 208] through W,
was tuned.

The result in figure [28] simulated without wind. For this, a step input on the height. Through
this, the commaned pitch angle and elevator are found. It can be seen in figure 283 that the
height is given a step input to 210 meters. This is achieved with a small overshoot, and both
the height controller and pitch controller are acceptable performance. In figure 284 the DC
gains in the pitch are seen(the middle). This steady-state error is removed with an integral
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action in the height controller. It is not want to have an integral action in the inner loop. The
design parameters can be seen in table 5]
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Figure 28: Longitudinal-directional - Height to pitch with elevator response

Parameter | Value
W, 10
Cou 0.707
Co 1
et 15

Table 5: Longitudinal-directional design parameters

Pitch controller

In the low-level controller of NMPC|, there is no commanded height, but pitch commaned.
Therefore, an integral effect is proposed on the pitch controller and makes it a Pl controller,
see equation [T32] The gain of the integral is found through trial and error. The result can
be seen in figure In figure is simulated without wind. Here the steady-state error is
integrated away. With wind can be seen in figure [29b] The pitch angle is oscillating around
the reference, but this is excepted. The values can be seen in table []
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Figure 29: Pl pitch controler with elevator response

Parameter \ Value

Co 0.707
emaz 35
ki, -0.8

Table 6: Pl controller pitch parameters

5.1.3 Airspeed

The airspeed controller was the hardest to tune because of the wind. This controler is used
in both geometric controler, see equation [173]and in the low-level autopilot in the kinematic
INMPC], see equation [129] The approach for this tuning was a trial and error, since both
tuneable parameters, ¢y, and wy,, influence the proportion gain, see equation 215 The
integral gain can be seen in equation[216]

The airspeed controller has a steady-state error, seen in figure [30al This is because the
anti-windup threshold removes the integral effect that should drive the steady-state error to
zero. If the windup threshold were higher, there would be much more oscillation. Therefore,
in choosing an oscillation around the reference or a steady-state error, the choice was a
small steady-state error. This error is about 0.05[m/s], which is not that much.

It is hard for a small[UAV]to follow a constant reference speed when wind is included. It can
be seen in figures [30b| that the airspeed is oscillating around the reference. It is the throttle
that controls the airspeed. The throttle can not slow down the [UAV], only increase the speed.
Therefore it is hard to follow the reference airspeed exact with gust wind. So it is expected
that the speed will oscillate around the reference when there is wind. So, this is acceptable.
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The design parameters can be seen in table |/} Also, note that the steady-state error is gone
when the wind is added.

26
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(a) Without wind (b) With wind

Figure 30: Pl airspeed controler with throttle response

Parameter \ Value

Cv, 0.707
wy, %

Table 7: Airspeed design parameters

5.2 Model identification

In this section the model parameters in the two simplified kinematic model seen in equa-
tions and identified.

The [UAV|was given different step input on pitch, see figure[37al Then the closed-loop pitch
dynamics of the [UAV| were measured. The simulation is without wind. This process was
repeated for yaw in figure and airspeed in figure measuring the closed-loop loop
dynamics of the yaw and airspeed, respectively. Then the method of fitting a nonlinear model
to measurements described in section 4.3| is used to identify the pitch, yaw, and airspeed
model. For the first-order model this is equation[102], and here there is one parameter, b;, for
each state. The second-order model is equation {117}, where there is three-parameter, a;,
a;1 and a, -, for each state.

The results can be seen in figure[31] Where the approximated models should follow the [UAV]
response to the different step inputs. The validation of the models can be seen in table 8|
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|N
3
?

(a) Pitch (b) Yaw (c) Airspeed

Figure 31: First order vs second order kinematic equations vs actual response

Using the formula for average mean squared error to validate.

} ) i € [0, Nsim] (220)

T —Ug
Us

Zo—UQ
uo

validation = 1 — mean< {

where NsIM is the number of simulations steps and v; is the [UAV|state. The validation of the
models are seen in table [8 Here the second order model is following the reference best for
all. Therefor, the second order kinematic model is used in the [NMPCl

O! O?
Va1 98.83%  99.07 %
0 | 83.29% 83.43 %
Y | 87.49 % 91.20 % %

Table 8: Validation on model

The parameters found is seen in table [9} Note that for airspeed, the b; o # b; 2, which is the
case for pitch and yaw. Reason for this is the steady state error seen in figure

1 order 2 order
bio ‘ bio bi1 b2
0.858938 | 1.833 1.98789 1.84107
5.66121 | 189.444 33.0477 189.444
0.911763 | 3.51349 3.59127 3.51349

@%:ﬁ@‘

Table 9: Approximated model parameter in the simplified kinematic models

5.3 Introduction to simulation

This section is an introduction to the simulation. Look at some software choices and which
frequency the controllers run on. Also, the initial value of the used in the simulation.
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5.3.1 Controller configuration

All the simulations are ran using operative system Ubuntu 18.04 using Oracle VirtualBox
Manager. The frequency of the controller on the [UAV|is 1004z, and the NMPC] frequency
is 20H z. For the NMPC] the prediction horizon T'f = 10, the number of discretization steps
N = 50. The maximum simulation time is 200[s], with a break statement if the [UAV| reaches
the end point. In table[10]is the options chosen for the [OCP|solver.

Quadratic programming solver | PARTIAL_.CONDENSING_HPIPM
nonlinear problem solver type | SQP_RTI

Hessian approx GAUSS_NEWTON

Integrator type IRK

Sim method number stages 4

Sim method number steps 3

tolerance le—4

Table 10: solver options

5.3.2 Intial states

At every simulation, the [UAV|starts in trim condition, where the values are seen in table

From the repository a function to find the trim conditions for the [UAV|is used. Input is wanted
circle radius, airspeed, course angle and sideslip angle. The turning circle is infinity, meaning
no turning, airspeed is 18[m/s] and course and gamma is set to zero. This gives the following
initialized states:
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state  value
u 18.9 [m/s]
v 1.05 [m/s]
w 0.584 [m/s]
Roll 0.00 [degq]
Pitch 1.76  [deg]
Yaw -3.18  [deq]
p 0.00 [deg/s]
q 0.00 [deg/s]
r 0.00 [deg/s]
Va 18.0 [m/s]
beta 0.00 [degq]
alpha 1.76  [deq]
aileron 0.00 [deq]
elevator 2.10 [deq]
rudder 0.00 [deg]
throttle  0.121 [-]

Table 11: Trim condition

5.3.3 Wind

All the simulations are simulated with wind at a turbulence level 2.

5.4 Straight line path

In this section, the results for the straight-line path are presented. The straight-line path,
seen in section is four waypoints that make up a rectangular pattern. These four
waypoints are also used in the making of the curved path, seen in section [4.2.5] Waypoints
wy;) are expressed in F', is defined in table [12 and are used for all the straight-line path
simulations.

N E D
100 100 -200
400 800 -250

0 1200 -200

-700 500 -250

AWM 2|~

Table 12: Waypoints

In figure [32] the path is shown
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Figure 32: Straight-line pattern

For the straight line, the controller is used to compare against the two|NMPC| Start with
the two then the VFB| The simulation results of all the controller’s performance in NE-
and NED frame is seen in figure [42]

The switch and initializing for the two [NMPC| can be seen in section[4.2.4]

5.4.1 Kinematic model in NMPC with low-level autopilot

This controller uses the second-order kinematic model described in section with the
model parameter found in table [9| with the NMPC] defined in section[4.2.1] From equation
the two gain matrix Q and R must be defined. The higher the value on element in matrix
Q, the more the system punishing an error. Finding the values was done by trial and error.
The overall goal is to reduce the error on the path. Intuitive this would mean high value on
the element penalize the ¢, e, and e,. However, seen in equation 22| the element on error
airspeed is the highest. The airspeed is the only error state that should hold a constant
value. Moreover, have the smallest error compared to the other errors. For example, the
error in north and east has over 100m as intial error, with error in down constantly oscillation
around Om, see figure [33al The path parameter z; has an initial error of 1, see figur [33b]
This means that to minimize the cost function, eqation described in section the
controller should focus on the other errors. Also, note that the feedback to the kinematic
model NMPC]is the internal airspeed state, meaning that the airspeed is not affected by the
wind as the airspeed for the [UAV]| Therefore it should be relatively easy for control to keep
a constant value for airspeed. There, this element on Q is so high. Same argument for
why the element on e, is higher than for e, and e;. The element on the path parameter is
reasonably high. The gain matrix on the states are

Q = diag [lel lel 1e3 5¢6 lel] (221)
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which penalize the e,, e., eq, Vo, — Va.ey and z;, respectively. For the matrix R high value
on elements would mean that this input is expensive to use. In equation shows that
the input on pitch and yaw is costly. This high price is because if it were cheaper, these
angles would oscillate. So these high values are there to prevent this high oscillation. The
last element in equation is the virtual input. This input is the acceleration for the path
parameter on the path. If this value is too high, the path parameter will move too slow
compared to the [UAV] expensive to travel. Therefore it is set as reasonably cheap. The gain
matrix on the input is.

R = diag [lel led 1e3 le—2] (222)

penalize the V¢, 6¢, ¢° and v,respectively. For the kinematic model a disturbance observer,
describes on section |4.2.2 where the learning rate is 0.002. The control architecture can be

seen in figure [16]

The errors in the [OCP|is seen in figure In figure [332] the error is between and the
path. Here the spikes are because of a change in waypoints. It can be seen that the errors
converge to zero. In figure [33Q]is the airspeed and path parameter errors. For the airspeed,
the error is not converging to zero. To avoid this, could increase the airspeed element on the
gain matrix Q even more. This is not done because of two reasons. First, the [UAV|dos not
manage to follow the airspeed reference exactly, so an error of 0.15™ is not that important.
Second, by increase, the element in Q, the position error is less prioritized. Looking at
the gain matrix in equation [221] this element is already high. Overall, following the path is
considered more important. For the path parameter, from section [4.1], is driven to zero. This
is achieved in figure [33b] Note that the value only reaches zero at the end. This is because
the switch mechanism uses this z; value to change waypoints. In figure [33c]is the wind used
in the simulation.
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Figure 33: Simulation results for the kinematic model in the NMPC for straight line path

5.4.2 Dynamic model in NMPC

This model is described in section 4.2.3] Also, here the gain matrix needs to be defined.
Here the element on ¢, and ¢; are low compared to the others. If these elements were
higher, the constraint would be violated. They are therefore reasonably low. The element
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on ¢y is the highest and is therefore prioritized the most. Compared to the kinematic model,
the element on airspeed error is much less. In the dynamic model, the [UAV] airspeed is
feedback, and hence not constant, see figure Therefore this is also reasonably low
together with the element on the path parameter. The gain matrix on the states are

Q = diag [le=2 le—2 lel 1 1 (223)
which penalize the e,, e, eq4, V, — Vi, ey @and z;, respectively.
For the matrix R the element is resonable cheap. The rudder is not used.
R=diag|l 1 le—=3 le—1 le—1]| (224)
penalize the 6., 4,, 6., &, and v, respectively. The control architecture can be seen in figure[17}

The [OCP] errors can be seen in figure [34] Also here the position errors converge to zero,
seen in figure There are some oscillation for errors in north and east.

For the airspeed error in figure [34b] this oscillates much more than seen in the second-order
kinematic model This is because here, the [UAV] airspeed is used in feedback to the
NMPC| and hence the uses this to find the optimal throttle input which is applied to
the [UAV| The kinematic model uses internal states as feedback and is, therefore,
oscillates much less. To compare the airspeed error for the kinematic and dynamic, the low-
level airspeed control must be used for the kinematic model. In figure is wind used in

the simulation.
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Figure 34: Simulation results for the dynamic model in the NMPC for straight line path

5.4.3 VFB controller

This controller is described in section and is used to compare against the two
for the straight-line path. The control architecture can be seen in figure

The error can be seen in figure[35al Here the error is the cross-track error defined in figure[21]
which is the orthogonal distance to the path. This error can be seen converging to zero. The
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spikes are because of the waypoints change. Can also see the error in height converging
and oscillating around zero. In figure [35b]is with the simulated wind.
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Figure 35: Simulation results for VFB controler for straight line path

5.5 Curved path

Here the curved path results are presented. The curved path is defined by a B-spline where
the internal control points are

N E D
256.74 304.97 -224.11
396.57 540.89 -246.28
402.75 1008.09 -252.97
207.21 1181.91 -207.32
-362.13 1231.61 -187.19
-638.83 858.50 -243.86
-758.06 159.67 -255.82
-240.20 154.87 -221.94

ONO O WN ==

Table 13: Internal controll points

This is used for all the curved path simulations. In figure 36| the path is shown
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Figure 36: Curved path

For the curved path, a[NDGPFG]is used to compare against the two[NMPC| Start by looking
at the[gc] and then the two [NMPC] The simulation results of all the controllers performance
in NE- and NED frame is seen in figure [47|

The initializing for the two can be seen in section[4.2.5

5.5.1 Kinematic model in NMPC with low-level autopilot

This controller uses the second-order kinematic model. For the gain matrix Q, the elements
on e, and e, are much higher compared to the straight line. This is because it is expected
that the errors will be smaller in the north and east because of the continuous path. See
figure [33a) compared to[37a] The element on the path parameter is less, and this is because
the whole path is longer, meaning it included the whole path compared to the straight line,
which is just segments. To drive the path parameter to zero is achieved after a longer time.
The gain matrix on states are

Q = diag [1e3 13 led 1e5 le—1] (225)
which penalize the e, e, €4, Vo — Varey and z; — 2y, respectively. For the gain matrix,
R the value on the elements pitch and yaw are less, meaning that it is a more aggressive

controller, with more oscillation. Also, the virtual input v is more expensive compared to the
straight line. This is because it is wanted to have less acceleration on path parameter.

R = diag [lel 1e3 1e2 1] (226)

penalize the V£, 6¢, ¢ and v. The error plots can be seen in figure [37| Note that for the
curved path, there are no spikes because of changes in waypoints. This is seen for the
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errors in figure and the path parameter in figure [37b] For the errors in north and east,
the error starts with a big error and converges to zero. For the error in down (height), there
is a spike of over 2m in the beginning. For the NMPC]to find an optimal solution, the NMPC]|
minimize the cost function more by reducing the errors in north and east, compared to the
error in down. It can be seen that almost all errors converge to zero at once. So this could
be the reason for the spike at the beginning for the down error. Again, the kinematic model
airspeed error does not converge to zero, see figure [37b] The argument is the same here
since this value is so small and that the low-level airspeed control does not exactly follow
the reference, this steady-state error is accepted. The path parameter is driven to 1 for the
curved path. So the error, z; — 1 is driven to zero, seen in figure 70| In figure is the

wind used in the simulation.
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Figure 37: Simulation results for the kinematic model in the NMPC for curved path

5.5.2 Dynamic model in NMPC

Comparing to the straight-line path the elements on ¢, and e, is higher. This to prevent
oscillation that occurs on the path. The element on the path parameter is less compared to
the straight-line. Here the same arguments as for the reason on the kinematic model for the
length of the path compared to the straight line. The gain matrix on states are

Q =diag [3¢ =2 3e—2 lel 1 le—1 (227)

which penalize the e, e, eq, Vi, — Vorep @and z; — 2y .5, respectively. For the gain matrix R
this is almost the same as for the straight line, with the virtual input v more expensive. If
wanted less acceleration on the path, the same argument as above about the length of the
path compared to the straight line.

R=diag]l 1 le—3 le—1 1 (228)
penalize the é,, d,, 4,, &, and v,respectively. The error plots can be seen in figure [38l There

is some oscillation for the errors in north, east and down. The straight-line path with the
dynamic model also had this oscillation. The error in airspeed, in figure is excepted.
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Even though the two big spikes at around 175s and 190s are a bit high. In figure is the
wind used in the simulation.

E o 5
£ g
s -s0 -
5 s
g e o

-100 2

— e

3 - = — e,
5 5
g e g

- 4

E £ 04

< 2

I So02

g — e

0 25 50 75 100 125 150 175 200

rspeed [m/s]
Lo
Wind north [m/s]

E tm]
|

8 & o

—_—

meter [-]

o

Wind east [m/s]

o w b o w
é E

E

°

E
Wind down [mys]
& °
g

Time [s] -
0 25 0 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200

(b) Airspeed and path param-

(a) North, east and down error
eter error

(c) Simulated wind

Figure 38: Simulation results for the dynamic model in the NMPC for curved path

5.5.3 NDGPFG

This controller is described in section [4.4.3| with the control architecture seen in figure 25| It
is used to compare against the two [NMPC] for curved path. The boundary-laywer thickness
dpr, = 50 and guidance gain k& = 0.09. The error plot can be seen in figure[39a, where all the
errors converge to zero. In figure [39]is the wind used in the simulation.
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Figure 39: Simulation results for the gc for curved path
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5.6 Discussion
5.6.1 Why use internal state vs. UAV states in the kinematic model NMPC

In this control architecture, there is an autopilot in the lower-level loop to track the reference
from the NMPC| Feedback to the [NMPC]| is the updated error and virtual state z;. This
means that the position of the [UAV]is feedback to the controler, which again updates the
virtual states and errors.

For pitch and yaw, the internal states are feedback. The reason for this is because
the frequency used in the and autopilot is not the same. This means that there is an
overshoot when using the [UAV| state as feedback, see figure Looking at the NE-frame at
figure [40a] the [UAV]is oscillating on the path, where the yaw angle has overshoot. The error
in down is good, which can be seen in figure [40b] and the errors in figure [40c

The errors ¢, and e, are oscillating around zero. Note that the big spike is because of the
mapping of the yaw angle in 1) € (—180, 180), because the range is Y4V € (—-180, 180).
Therefore, this error spikes happening at 80s is more a cosmetic error.

Looking at the figure [27b] the yaw-controler can not follow the reference precisely because
of the wind, where the yaw angle is oscillating. Because of that, this motivates the internal
state feedback instead of state feedback.

To not have state feedback to the control is only valid when there is assumed no parametric
disturbance.

Error NMPC

en e
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— 01~
uav o A
-50
~200 Zso
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F100
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H
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8 en
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——————
——————
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Figure 40: state feedback

5.6.2 Performance measurements

When looking at the performance, the following error measurements are used:

T
Jo ==Y leildt (229)
T 0
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where dt is the time step of the simulation and 7" is simulation time. This is repeated for both
the use of actuators and Euler angles error for the autopilot. Since the NMPC|do not have
a height controler, this is not used for comparison. The two following equation are for the
actuators and Euler angles

1 T
Js, = 7 D 10idt (230)
T %5

1 T
Jeo, = 75 2 leo,ldt (231)
0

5.6.3 Straight line

Converge to path with different start position

Test all the controllers to converge to path from different start positions. This can be seen in
figure[d1] Here, the VFB|converge the slowest for all the starts and the kinematic the fastest.
The dynamic has overshoot at start 2 and 3 compared to the kinematic and [VFB]that has no
overshoot. The [VFB|for start 3 does not converge to path because it changes path segment
before touching onto the path.

650 700 750 800 850 100 200 300 400 550 600 650 700 750
East [m] East [m] East [m]

(a) Start 1 (b) Start 2 (c) Start 3

Figure 41: Converge to straight-line path for different start configurations

Simulation study and compare performance

For the straight-line path, all the controler performed well. The simulated results for the path
can be seen in figure 42| In figure it can be seen in the zoom windows that all the
controllers are very close to the path. Looking at the NED frame, in figure 42b] the [VFB]
controller is off in height at the switch compared to the two [NMPC] who performs better at
the switch. It can also be seen that the dynamic controler is oscillating just before waypoint
3 and at the end of the simulation. This can also be seen in figure [42b] and [38a]
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North [m]
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— VFB
Kinematic
—— Dynamic

(b) NED-frame
Figure 42: Simulation results for straight-line path for and the two [NMPC

Comparing the error between [VFB| and the two [NMPC]is difficult because the VFB| use the
cross-track error while the[NMPC|uses error in north, east and down. Another point is that at
the switch, the start error for the is less than the start for the two This is seen in
figure [33al, [34aland [35al This is because the start point on the line for the is placed
further onto the path. Which is described in section [4.2.4]for the switch. Therefore, this initial
error after switch for the two [NMPCJis bigger. This is done so that the path is cut within the
predetermine fillet radius for a smoother convergence.
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To have a better error comparison, looping through the data and using the path parame-
ter initializing to find the closest point to path, the error in north, east and down can be
found. Comparing the controller error and corrected error for the two [NMPC] can be seen
in figure [43] One can see for both the kinematic and dynamic that the initial error after the
switch is much smaller. Note that since the [VFB|do not have an error in north and east, this
comparison is not included in figure 43

E 100 — corr E 100 —— corr
£ entr £ cntr
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Time [s] Time [s]
(a) Kinematic modelNMPC (b) Dynamic model NMPC

Figure 43: The control error vs the corrected error for straight-line path

Now comparing the corrected kinematic and dynamic error with the [VFB]| corrected error can
be seen in figure[44] Here the initial errors after the switch are the same, and the comparison

is much better.
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E
|
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(c) Error down

Figure 44: Comparing the corrected error for and the two NMPC]| for straight-line path

Looking at the performance error, J.,, in table [14|the errors for the |VFB| is the highest for

north, east and down. The dynamic has the smallest error in all.
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Var | VFB | NMPC Kinematic | NMPC Dynamic |

J., | 6.436 5.924 5.250
Je, | 8.642 8.234 7.798
Je, | 1.397 0.8241 0.6523

€d

Table 14: Position error performance for the controllers at straight-line path in m

Both the [VFB| and kinematic model [NMPC]| use the same lateral autopilot, while different
for the longitudinal. Comparing the lateral, the VFB| has a course command, while [ NMPC|
heading. In figure the two different commanded angels given to the autopilot is seen.
For the [VFB] the course angel is more stable, with constant reference. For the NMPC] the
reference is oscillating more, and this affects the commanded roll angle in figure [45b], where
the oscillating is much more than the [VFB| This is also seen in table Her error values
are much less for the VFB| Also, note that the error value for yaw/course is much higher
compared to the pitch and roll. This is also seen in figure and [28b] that the autopilot is
struggling more to follow reference on yaw.
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Figure 45: Comparing the commanded angles from the |VFB|and the kinematic model NMPC

for straight line path

Var | VFB | NMPC Kinematic |

T, | 1.532 6.270
J., | 13.55 22.30
J., | 0.7815 9.839

€o

Table 15: Autopilot error performance for straight line path in deg

In table[16]is the use of actuators. The dynamic use less throttle and elevator, while the [VFB|
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uses less aileron. For the kinematic the high oscillating commanded angles for the
kinematic is the reason for the much more use of aileron and also an elevator.

Var | VFB | NMPC Kinematic | NMPC Dynamic |

Jus, | 1.603 23.15 2.076
Jus, | 3-233 12.64 2.717
Jus, | 0.1528 0.6100 0.1137

Table 16: Use of actuators for straight-line path in deg for aileron and elevator and dimen-
sionless throttle

5.6.4 Curved path

Converge to path with different start position

In figure [46] the controllers all converge to path. Can see that for start 1, both the NDGPFG|
and the dynamic overshoot, while the kinematic has just a small overshoot onto the path.
This is also repeated in start 2 where the kinematic first converge, then the dynamic, and
last the NDGPFG| with overshoot. In start 3, the [NDGPFG|goes almost perpendicular to the
path. While the dynamic aims further to the right. Also, here the kinematic converge first,
then the NDGPFG| and last the dynamic.

450
GGGGGGGGGGGG

600 700 800 100 201 300 400 500 400 50 600
East [m] East [m] East [m]

(a) Start 1 (b) Start 2 (c) Start 3

Figure 46: Converge to curved path for different start configurations

Simulation study and compare performance

Looking at the curved path and how the controllers worked can be seen in figure [47] Can
be seen in figure and figure that the dynamic is oscillating on path on multiple
cases. Simulation without wind removes this oscillation, so the effect of wind is causing
this phenomenon. Both the kinematic and the NDGPFG| is handling the wind better and
are much tighter to the path. This is also seen in figure Also, note that the dynamic is
taking a long turn at the start, compared to the kinematic and NDGPFG| This is the same
that occurred in figure where the dynamic has a bigger turning than compared to the
kinematic. This start can also be seen in error figure [48a where there is an overshoot for the
dynamic.
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Figure 47: Simulation results for curved path

Looking at figure [48]it is easy to see the oscillation for the dynamic controler. This is seen
at 50s, 140s, 170s and 190s in figure [48a and [48b] In down, compared to the NDGPFG|and

kinematic, the dynamic has some big errors. Where the value exceeds 1m at times.
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Figure 48: Compared error for the NDGPFG|and the two [NMPCjfor curved path

The performance error is seen in table [T7] Although the oscillations, the dynamic NMPC]
had smaller errors than the INDGPEG for north and down. The kinematic had the smallest
error for north and east, and [NDGPFG|for down.

Var | gc | NMPC Kinematic | NMPC Dynamic |

Je, | 2.275 1.790 1.615
Je, | 2.995 2.475 2.741
Je, | 0.057 0.0722 0.184

Table 17: Position error performance for the controllers at curved path in m

Also, the NDGPFG| uses the same autopilot in the lateral direction, so comparing the com-
manded yaw angle against the [ NMPCis seen in figure Also, here the commanded yaw
angle is oscillation more than the NDGPFG], see figure [49al Which again leads to more os-
cillation in the commanded roll, see figure [49b| Note also that the reason that the NDGPFG|
is finish before the [NMPC], is because of the airspeed been different.
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Figure 49: Comparing the commanded angles from the NDGPFG|and the kinematic model

[NMPC]for curved path
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Looking at the angle errors in the autopilot, this is seen in table [T8] Here it is easier to see
that the errors for the kinematic are much higher than for the NDGPFG|

Var | VFB | NMPC Kinematic |

T, | 1.144 9.048
J., | 1.364 20.813
J., | 1.2026 13.546

€o

Table 18: Autopilot error performance for curved path in deg

This leads to the more use of actuators, which is seen in table [T9. One can see that for
aileron, the dynamic is using the less amount. The NDGPFG] is using the least amount
of elevator and throttle. The dynamic [NMPC]is the only controler where there are explicit
constraints on the use of actuators. As it is seen in table [16|and [19|that the dynamic do not
have drastic less use of these actuators. The goal in this thesis has not been to use the least
amount of actuators. Hence, the gain matrix R seen in section[5.4.2/and[5.5.2]is not making
the use of input expensive.

Var | gc | NMPC Kinematic | NMPC Dynamic |

o | 1.951 31.82 1.929
Jus, | 2.370 12.05 2.690
Ju,, | 0.0338 0.5478 0.1099

Table 19: Use of actuators for curved path in deg for aileron and elevator and dimensionless
throttle

5.6.5 Complexity of path and models

The difference between the straight and curved path is that the curved path continues, mean-
ing there is no need for a switch between line segments. For a[MPC|the optimal input is found
over a time horizontal. In this time horizontal, the [MPC| do not know if a switch is inside this
time horizon. Meaning that the optimal path continues beyond this switch point. This is il-
lustrated in figure [50} Here, the thick black line is the actual movement, and the dotted lines
are the evolution of the path over time horizontal. It is hard to see, but the line pointing in
the northeast direction at the corner are dotted lines. This is where the optimal route goes
beyond the switch point and the waypoint itself.
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Figure 50: Optimal path straight ahead

From figure |42 the most significant deviation from path is at the switch. This is, of course,
obviously when it is designed to cut corners, but in this corner-cutting, the controler is free
to calculated the converge to the path. From table [14|and |17 can see that the error for the
curved path is much lower, which is excepted.

There is also a difference in complexity between the straight line and the curved path. Cal-
culating the jacobian of the straight-line path is easily done, even by hand. For the curved
path, this needs to be evaluated at every iteration because the curves, meaning it is more
complex. This is seen when looking at the elapsed time comparing the straight line and the
curved, see figure 51l The mean time at each iteration is higher for the curved compared to
the straight for the same model.

Within the NMPCJthe complexity of the dynamic model is higher than compared to the kine-
matic, which is simplified. This is also seen in the calculation time in figure [51| where the
dynamic is using the most calculation time. Including in figure 51|is also a first-order kine-
matic model. So it is easy to see that the more complex, the more time. In this thesis,
the NMPCis running at a frequency of 20H z, meaning every 0.05s, which means that from
figure [51b] the only control that could have been used is the kinematic first-order model in
INMPC] Note that this simulation time is very dependent on the system it is running on. So
this does not mean that the controls using more time than 0.05s could not be used. This is
just meant as an example.
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Figure 51: Elapsed time for the NMPC comparing the complexity of both the models and the
straight vs curved path. S = straight, C = curved

The whole goal of the NMPC] and the [OCP] is to minimize the cost function, equation
Can see that for all models, the cost function is minimized, which is expected.
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Figure 52: Cost
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6 Conclusion

In this thesis, the main focus has been control algorithm design for path following for fixed-
wing [UAV] influenced by wind. A solution based on a simplified kinematic model and a
full dynamic model used in the to solve the path following problem and compared
against algcl The path has been straight and curved. Seen in section [ that both
outperformed the [VFB| controller on error from path in the straight line. This was also the
case for the curved where the two [NMPC]| outperformed the NDGPFG| controller, except in
height.

Also a mechanism to initialize the path variable and for switching between path segments
has been has been successful made.

Kinematic model :

The kinematic is a more aggressive controller, where the use of actuators was much
higher than in the dynamic and geometric controllers. This could lead to wear and tear
on the actuators and is not wanted. With the high pitch and yaw angles oscillation, this
could mean that the simplified model is not a good enough approximating for the [UAV]

The error from path is good and outperforms the [gc| for both straight and curved path.

Dynamic model :

This controller did good in straight and had the lowest path error, and used acceptable
actuators. The controller did have some unexpected oscillation, but they were small
enough to be accepted. In the curved path, this controller oscillation several times,
especially in height where the errors were greater than 2m. This could be improved.
If the overall goal is to example, save fuel or reduce the use of actuators, a higher
penalizing on the R matrix could be done.

Future work

Kinematic model :

With the high use of actuators, a low-pass filter could be introduced to reduce this
use. The simplified kinematic model could be further developed to minimize the high
oscillation. In this thesis, the model identification was done on the closed-loop dynamic
of UAV| without wind. It could be tried to include wind in the model identification where
the [UAV|gets commanded steps under wind conditions. Then the model could be fitted
to the [UAV] closed-loop dynamic response. Could also include more validation sets
to test the model, with more configuration of step inputs with different patterns and
magnitude. An analysis of how the disturbance in the model affects the NMPC] should
also be conducted. This can describe how much impact a possible model noise makes
the oscillation in states. Moreover, the simplified kinematic model structure could be
changed. One could treat the airspeed as an input to the NMPC] instead of a part of
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it. However, then the airspeed would have been constant over the time horizontal, and
one of the beneficial properties of the optimal controller be gone. A different approach
could be to include the dynamic airspeed controller with a kinematic model.

One could also use feedback from the instead of the internal [NMPC] states.

Dynamic model :

In the curved path, this controller oscillation several times. This could be improved.
This also happens, but at a smaller scale for the straight-line path. The gain matrix
Q and R could have been tried to tune better. The best guess would be to try not to
update the path parameter at every iteration and tune the path parameter z; in element
in matrix Q and virtual input v in matrix R better. Then maybe a better behaviour on
the path could be achieved.

Other things : For better comparisons, the controller could have been simulated with the
same wind.
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7 Attachments

7.1 Overview of controller in the repository UAViab

All the controllers are found the repository UAVIab autofly in the branch path_following_thomas

Kinematic model NMPC

For straight:

main : Thomas_main_ NMPC _kinematisk_straight.py
acados : acados_settings_kinematisk_straight.py

model : model NMPC _kinematisk_straight.py
For curved:

main : Thomas_main_ NMPC _kinematisk_bspline.py
acados : acados_settings_kinematisk_bspline.py

model : model NMPC kinematisk_bspline.py

Dynamic model NMPC

For straight:

main : Thomas_main NMPC_dynamic_straight.py
acados : acados_settings_dynamikk_straight.py

model : model NMPC_dynamisk_UAV.py
For curved:

main : Thomas_main_ NMPC _dynamic_bspline.py
acados : acados_settings_dynamikk_Thomas_bspline.py

model : model NMPC_dynamisk_UAV _bspline.py
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VFB

main : Thomas_main_vector field_path.py

NDGPFG

main :Thomas_main_curved GUIDE.py

7.2 Skywalker X8 parameters

From [23] the values for the Skywalker X8 is collected, see table [20]

What | Value
» | 1.2250
c 0.3571
S 0.7500
b 2.1000
C, | -0.4042
C, | 0.0044
Crm, | -1.3012
Cp. | -0.4629
Crng, | -0.2292
Cp, | 0.0197
Cp. | 0.0791
Cp,, | 0.0633
Srop | 0.1018
Corop 1
kmotm" 40
Ju 0.335
J, | 0.140
Sz -0.029
m 3.3640

Table 20: Parameters Skywalker X8 [23]
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7.3 Differentiate a rotation matrix

Example 7.1. Differentiate a rotation matrix.
To find the time differentiation of a rotation matrix, have that

SR(t) = S(w(®)R() (232)

Where, R is a rotation matrix and S(-) is a skew symmetric matrix.
Starting with rotation matrix R®

d d b v2 d v2 vl b v2 d vl
P =R OIREOR ) + Ra(0) G IRAOIR) + RAGRO) RV
=S5(1)R}(©) + S(Ri(9)65) Ry () + S(Rip(9) R (O) k) Ry (O)

=[S(¢1) + S(Ry5(9)03) + S(Ryo(0) Ri1(0)Pk) Ry (O)

Here we have utilize that fact that RS(a)RT = S(Ra). Using equation[233 we have that
the rotation velocity is given by:

w = ¢i + R0y (¢)0j + R0y (¢) R (0)vk

Where
i=[1 0 07
j=0 1 0" (233)
k=[0 0 1)°

This represent the rotation rotate, so when say that i is in the first part, this is because
this rotation matrix is around x. So j is around y and k is around z.

This gives:
¢ 0 0
0| + Rby(9) |6] + Roa(0)Ri3(0) 0
0 0 0
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7.4 Time differentiation a vector

Example 7.2. Time differentiation a vector:
Given a vector expressed in body, where i jk is defined in equation[233

P = pxib + pyjb + pzkb (234)

Then the time differentiation in the inertia frame, i, is

d d
P = P + Wy X P (235)
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7.5 Relativ degree

Example 7.3. Given the system

—x1 + 2u
%= T3 (236)
—T3 + T2ZT3 + U
Yy =12 (237)
Rewrite the system as
 _f
 =£(x) + g(x)u .
y =h(x)
Then the matrix f(x) and g(x) is defined as:
—X 2
7= z3 + |0 (239)
—Z3 + T2Z3 1
—_— =~
f(x) g(x)
and h(x) = x,.
oh
Lih =—i
f 89:96
oh oh
=—f+ gu
ox ox
o ) (240)
=0 1 0] s +[0 1 0] [0]u
—T3 + T2Z3 1
oL oh
1y _YHf i
Lih= ox f+ oz 7"
—T1 2
=[0 0 1] 23 +[0 0 1] o]« (241)
—T3 + ToXg 1

=—x3+ 2223+ u

Here we see that input v appears, and equation[77] holds, and hence the system has
a relative degree p = 2.
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7.6 Kinematic model path followability

Rewrite the system as
x =f(x) + g(x)u

y =h(x)
Then the matrix f(x) and g(x) is defined as:

[V,cos(6)cos(1) + w,] 0 0 0 O
Vacos(0)sin(¢)w, 0 0 0 0
—Vasin(6) + wy 0 0 0 0f][Ve

. bya(—Va) bve 0 0 0] |6°
T= be(—0) 1o b 0 of ¢
bw(—w) 0 0 bd) 0 (%
22 0 0 0 0~
_ 0 | Lo o o 1
f(x) g(x)

with T
y=h= [pn —p(z1) pe—p(21) pa—p(21) Va Zl}

Where p(z;) is the path parameterization. Using Matlab the following Lie derivatives is
calculated:

wy, — P(21)022 + Vacos(1)cos(0)
we — P(21)122 + Vacos(0)sin(v)
Lih(z) = wq — P(21)222 — Vasin(0)
22

Viby, — Vaby,

Here the input V° appears in the last line. Note also that the the path p(z); the
subscript is the index.

‘/acbvaA - VabVaA - p(Zl)o’U — ‘/(lb¢¢cB ol %b¢’¢)B - VabgﬁcC' ol V:lbgeo
‘/acbVaB — ‘/abVaB — p(Zl)l?J + ‘/ab¢’¢cA — Vab,/ﬂ/JA — %ngCD i ‘/abgeD
Lih(z) = Vaby,s(0) — ViEby, s(6) — p(z1)2v — Vabebc(0) + V,belc(6)
v
by, (Va = Vi)

where:




—
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7.7 Path parameter initialize

r=[2 2 2 2 1}T

Finding the matrix A given in equation [89]

—%L%hl(l‘) BZLQ L?xhl(l') 823 L?xhl({[') 824 L?chl(l‘)—
TUIL%}LQ(Z') %L?hg(l') T%Lfchz(l') mLfchg(ﬁ)
A(ZE) = %Lzh?)(l') BZLQ LZ}L?,(:L‘) BZLs Lz:hg(l‘) 624 Lz:hg(l‘)
Em L}ch5 (I) T L}zh5 (l‘) s L}h5 (I) s L}:hg, (ZE)_

Using Matlab the matrix is

by, cos(1)cos(0)  —Vibgcos(1)sin(0) —Vibycos(0)sin(v))
by,cos(0)sin(vp) —V,bpsin(v)sin(0)  Vibycos(v)cos(6)
A(z) = | —by,sin(0) —Vabgcos(6) 0
0 0 0
by, 0 0

_ Op(x1)
021

_ Op(z1)
021

Op(z1)

0z1
1

0

Where s() and ¢() denote sin() and cos(). Here input appears in the four other lines.
This gives

(242)

By inspection, the airspeed can not be 0, by, is a positive constant, and the pitch angle
¢ is constrained to not be 7. The jacobian of the path parameterization can not be zero,
because it must be differenctable. The heading angle « is constrant to be (—x, 7). The
only thing making matrix A rank deficient is if = % which is infeasible.
Meaning that the system[112]is followable.

7.7 Path parameter initialize

def z1_1i
p

r

q_ve

r:
q_ve
g_no

q

chi_
chi_

e_px

return max (-1,

nit(p,wl,w2):

np.array (p)

np.array (wl)

c np.array (w2)-np.array (wl)

r.flatten ()

¢ = q_vec.flatten ()
rm = LA.norm(q_vec)
q_vec/q_norm

q = math.atan2(q[1],q[0])
q = SSA(chi_q)
= np.cos(chi_q)*(p[0]-r[0])+np.sin(chi_q)*(p[1]-r[1])

-1 + e_px/q_norm)
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7.8 Switch

def Switch(wl,w2,w3):

R = 100
diff_1 = np.array(w2-wl)
diff_2 = np.array(w3-w2)

norm_1 = LA.norm(diff_1.flatten())
norm_2 LA.norm(diff_2.flatten ())

q_mi = diff_1/norm_1
q_i = diff_2/norm_2

angle = np.arccos(-np.transpose(q_mi) @ q_i)
pos_slutt = w2 - (R/np.tan(angle/2))*q_mi
diff_pos_slutt = np.array(wl-pos_slutt)

len_pos_slutt = LA.norm(diff_pos_slutt.flatten())

return -1+len_pos_slutt/norm_1

7.9 B-spline

Retrieved from intermet:
https://github.com/casadi/casadi/issues /1484

from casadi import if_else, logic_and
from abc import ABCMeta

class BSpline(object):

B-Spline base class.

__metaclass__ = ABCMeta

def basis(self, t, x, k, i):

Evaluate the B-Spline basis function using Cox-de Boor recursion.

Arguments:
x -- The point at which to evaluate
k -- The order of the basis function
i -- The knot number
nmnn
if k == 0:
return if_else(logic_and(t[i] <= x, x < t[i + 1]), 1.0, 0.0)
else:
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28 if t[i]l < t[i + k1:

29 a = (x - t[il) / (t[i + k] - t[i]) * self.basis(t, x, k - 1, i)

30 else:

31 a =20.0

32 if t[i + 1] < t[i + k + 1]:

33 b = (¢li +k + 1] - x) / (¢[i + k + 1] - t[i + 1]) * self.basis(t, x
, k-1, i + 1)

34 else:

35 b = 0.0

36 return a + b

37

38

39| class BSplinelD(BSpline):

40 R

41 Arbitrary order, one-dimensional, non-uniform B-Spline implementation
using Cox-de Boor recursion.

42 o

43 def _ _init__(self, t, w, k=3):

44 R

45 Constructor.

46

47 Arguments:

48 t -- Knot vector

49 w —-- Weight vector

50 k -- Spline order

51 R

52

53 # Store arguments

54 self.t = t

55 self.w = w

56 self .k = k

57

58 def __call__(self, x):

59 R

60 Evaluate the B-Spline at point x.

61

62 The support of this function is the half-open interval [t[0], t[-1]).

63 R

64 y = 0.0

65 for i in range(len(self.t) - self.k - 1):

66 y += if_else(logic_and(x >= self.t[i], x <= self.t[i + self.k + 1]),
self .w[i] * self.basis(self.t, x, self.k, i), 0.0)

67 return y

1| import numpy as np

2| from numpy import linalg as LA

3| import math

4| import casadi as ca

5/ from casadi import *

6

7| from Thomas_ctrl_bspline.BsplineDefs import x*

8

9| def FindMellomPoints (P1,P2,T1,T2):

10
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P1 = P1.flatten ()
P2 = P2.flatten ()

T1 = Ti.flatten ()

T2 = T2.flatten ()

a = 16 - LA.norm(T1 + T2)*x*2
b 12 * (P2-P1) @ (T1+T2)

c -36 * LA.norm(P2-P1) **2

alpha = (-b+math.sqrt(b**2-4*xax*xc)) /(2xa)

mel _P1 = P1 + 1/3xalpha * T1
mel_P2 = P2 - 1/3%alpha * T2

return [mel_P1 ,mel_P2]

def alpha(q00,qkk,qll,q22):
22

q0 = q_k

qk = q_k

ql = q_k

q2 = q_k

PP D)

return LA.norm( np.cross(q00,qkk) ) / ( LA.norm( np.cross(q00,qkk) ) + LA.
norm( np.cross(qll,q22) ) )

def T_u_v(alpha,qkk,qll):

) )

unit tangent vector of V_n
gk = q_k
ql = q_k+1
V = (1-alpha)*qgkk + alphax*qll
return V/LA.norm (V)

def PathGemnerator (Q):

) )

Input:
Q --> ndarray
Output:

3x SX.Function
PED I

nQ = len(Q)
q = dict Q)

for k in range(1,nQ):
ql’{0}’ . format (k)] = Q[k]-Q[k-1]
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65 ql’0’] = 2xq[’1’] - ql[’2’]
66 q[’—l’] = Q*q[)0;] - q[71;]
67
68
69 qlstr(nQ)] = 2*xqlstr(nQ-1)] - qlstr(nQ-2)]
70 qlstr(nQ+1)] = 2xqlstr(nQ)] - qlstr(nQ-1)]

71

72 new_points = []

73

74 xPoints, yPoints,zPoints = []1,[],[]
75

76| xPoints.append(Q[0][0]1)
77| yPoints.append(Q[0][1])
78 zPoints.append (Q[0] [2])
79
80 u_hat = dict ()

81 u_hat[str(0)] = np.array([0,0,0])

82

83 for k in range(0,nQ-1):

84 al = alpha(qlstr(k-1)],qlstr(k)],qlstr(k+1)],qlstr(k+2)]1)
85 Tl = T_u_v(al,qlstr(k)],qlstr(k+1)]1)

86

87 a2 = alpha(qlstr(k)],qlstr(k+1)],qlstr(k+2)]1,qlstr(k+3)1)
88 T2 = T_u_v(a2,qlstr(k+1)],qlstr(k+2)])

89

90 [n1,n2] = FindMellomPoints (Q[k],Q[k+1],T1,T2)

91

92 new_points.append([nl1,n2])

93

94 u_hat[str(k+1)] = u_hat[str(k)] + 3 * LA.norm(np.subtract(nl,Q[k]))
95

96 for corr in zip([nl,n2]):

97 xPoints.append (corr [0] [0])

98 yPoints.append (corr [0] [1])

99 zPoints.append (corr [0] [2])

100

101 xPoints.append (Q[nQ-11[0])
102| yPoints.append(Q[nQ-1]1[1])
103 zPoints.append (Q[nQ-1][2])

104

105 U_x = []

106| U_y = []

107| U_z = []

108 for j in range(2):

109 U_x.append (0)

110 U_y.append (0)

111 U_z.append (0)

112

113 for k in range(nQ):

114 for j in range(2):

115 U_x.append (u_hat [str(k)][0]/u_hat[str(nQ-1)][0])
116 U_y.append (u_hat [str(k)][1]/u_hat[str(nQ-1)]1[1])
117 U_z.append (u_hat [str(k)][2]/u_hat[str(nQ-1)1]1[2])
118

119 for j in range(2):
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.append (1)
.append (1)
.append (1)

CIIC:C!
N < ™

x_arr = np.array(xPoints)
y_arr = np.array(yPoints)
z_arr = np.array(zPoints)

x_knot
y_knot
z_knot

np.array(U_x)
np.array (U_y)
np.array(U_z)

k =3

bsplineX
bsplineY
bsplineZ

BSplinelD (x_knot ,x_arr)
BSplinelD (y_knot ,y_arr)
BSplinelD(z_knot ,z_arr)

uc ca.SX.sym(’uc’,1)

bX

ca.Function(’bX’, [uc],\
[bsplineX (uc)1)

bY = ca.Function(’bY’, [uc],\
[bsplineY (uc)1)

bZ = ca.Function(’bZ’,[uc],\
[bsplineZ (uc)1)

return [bX,bY,bZ]

7.10 PID-gains

import uav.models.X8 as model
import numpy as np

import math

P = model.P

def PitchGains(P,Va,integral=False):
rho = P[’rho’]
c = P[’c’]
S = P[’S_wing’]
Jy = P[’Jyy’]
Cmg = P[’C_m_q’]
Cma = P[’C_m_alpha’]
Cmde = P[’C_m_delta_e’]
delta_e_max = P[’elevator_max’]

if integral:
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e=35

zeta =0.707
else:

e = 15

zeta = 1

e_max = e * np.pi/180

a_theta_1 = - (rhox*Vax*2*cx*S)/(2xJy) * Cmq * c/(2xVa)
a_theta_2 = - (rho*Vax**2*c*S)/(2xJy) * Cma

a_theta_3 = (rho*Vax*2*xc*S)/(2*xJy) * Cmde

K_p_theta = delta_e_max/e_max * np.sign(a_theta_3)

omega_theta = math.sqrt(a_theta_2 + K_p_thetaxa_theta_3)
K_d_theta = (2*zeta * omega_theta - a_theta_1) / a_theta_3
K_DC = K_p_theta * a_theta_3 / (a_theta_2+ K_p_thetax*a_theta_3)

if integral:
K_i_theta -0.8
K_d_theta 0

else: K_i_theta = 0

return [K_p_theta,K_i_theta,K_d_theta,omega_theta ,K_DC]

def HeightGaings (Va,omega_p,K_DC,bwsep = 10, zeta = 0.707):
omega_h = 1/bwsep * omega_p

K_p_ 2*zetaxomega_h/(Va*xK_DC)
K_i_ omega_hx*x*2/(VaxK_DC)
K_d_

=0

== = 4
I

return [-K_p_h,-K_i_h,-K_d_h]

def RollGains(P,Va,zeta= 1.8, e = 15):
rho = P[’rho’]
S = P[’S_wing’]
b = P[’b’]
Clp = P[’C_1_p’]
Cnp = P[’C_n_p’]
Clda = P[’C_1 _delta_ a’]
Cnda = P[’C_n_delta_a’]
Jz = P[’Jzz’]
Jxz = P[’Jxz’]
Jx = P[’Jxx’]

T = JxxJz - Jxz*x*2
T3 = Jz/T
T4 = Jxz/T

Cpp = T3 * Clp + T4*Cnp
Cpda = T3 * Clda + T4*Cnda
delta_a_max = P[’aileron_max’]

e_max = e * np.pi/180
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73
74 a_roll_ 1
75 a_roll_2

-1/2 * rho * Va*x*2 x S * b *x Cpp * b/(2xVa)
1/2 * rho * Vax*2 * S *x b * Cpda

76

77 K_p_r = delta_a_max/e_max * np.sign(a_roll_2)
78 omega_r = math.sqrt(a_roll_2 * K_p_r)

79 K_d_r = (2*zeta*omega_r - a_roll_1)/a_roll_2
80

81 return [K_p_r,K_d_r,omega_r]

82

83

84|def YawGains (Vg,omega_r ,bwsep= 20,zeta= 0.5):
85 omega_y = 1/bwsep * omega_r

86| g = 9.81

87
88 K_p_yaw = 2% zeta * omega_y * Vg/g #5
89| K_i_yaw = omega_y**2 *x Vg/g #1

90 K_d_yaw = 0

91

92 return [K_p_yaw,K_i_yaw,K_d_yaw]

93

94|def VaGains(P,Va_star ,alpha_star,elevator_star ,throttel_star,freq=0.5,zeta =

1):

95 rho = P[’rho’]

96 S_prop = P[’S_prop’]
97| S = P[’S_wing’]

98 m = P[’mass’]

99| c. D O =P[’CDO0’]

100 C_D_alpha = P[’C_D_alphal’]

101 C_d_elevator = P[’C_D_delta_e’]
102 C_prop = P[’C_prop’]

103 k = P[’k_motor’]

104

105 avl = rho * Va_star * S / m * (C_D_O + C_D_alpha * alpha_star +
C_d_elevator * elevator_star) + rho * S_prop/m * C_prop * Va_star
106 av2 = rhoxS_prop/m * C_prop * k**2 * throttel_star

107 omega = 2*np.pi * freq

108
109 K_i_Va
110 K_p_Va
111 K_d_Va
112
113 return [K_p_Va,K_i_Va,K_d_Val

omega**2/av2
(2*xzeta*omega-avl)/av2
0
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