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Abstract

This report presents the results of the graduation thesis from the TU Delft, performed
at TNO unit Defence, Safety and Security, expertise group Weapon Systems. The goal
of this graduation project is to develop a controller for a projectile equipped with the
Precision Guidance Kit (PGK). The PGK is a Course Correction Fuze (CCF) which
can be used to retrofit '"dumb’ artillery projectiles. It has canards to provide course
correction and contains a GPS sensor to determine it’s position and velocity.

The dynamics of the projectile are described by a nonlinear 6 Degrees of Freedom (DoF)
non-rolling body frame model. A static model is made of the PGK where its aerody-
namics are calculated using Computational Fluid Dynamics.

A Jacobian based guidance algorithm is developed for the 6 DoF model which calculates
the changes in velocity needed along the perturbed trajectory to set the projectile back
on the ideal path towards the target. These guidance signals function as a reference to
be tracked by the controller.

A switching mode controller is designed, tuned and tested empirically in simulation.
A nonlinear controller is designed to set the PGK actuator at an angle based on the
guidance signals. Three switching laws are designed, the first to set the starting time
of the controller, the second to switch the actuator off when the projectile is on a new
ideal trajectory, and a third to avoid chattering, excessive switching, between the control
modes.

The combination of the PGK actuator, the Jacobian guidance and the switching con-
troller is shown to provide course correction successfully for four different trajectories
with random offsets in initial velocity and pitch and yaw angle. The average miss dis-
tance and Circular Error Probable are decreased by 90%, to less than 50 m, without
destabilizing the projectile.
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Chapter 1

Introduction

Most of the innovation on modern weapon systems currently contributes to improving
accuracy. Among the many motivations driving this effort are reduction of collateral
damage, tactical advantages, and costs. Military operations are often conducted in ur-
ban environments, which makes artillery support rather tricky because there is great
risk of collateral damage. When the projectiles can be delivered at higher accuracy at
longer range, there is less collateral damage, and the operating speed increases, since
the gun has to be repositioned less. Also the gun can operate at a larger distance from
the enemy which increases the safety. Less rounds are needed to effectively engage the
target, which provides another tactical advantage: the element of surprise, and of course
a reduction in cost.

Currently the gun is aimed based on the target coordinates and meteorological data
available previous to launch. The error in the gun-orientation and the muzzle veloc-
ity error have a large impact on the delivery accuracy when firing artillery projectiles.
Conventional artillery uses unguided projectiles or dumb munition with low accuracy,
half of the shells land more than 300m from the target when fired at maximum range [1].

Guided missiles offer a great increase in precision but also in cost, because of the propul-
sion, high-end sensors, actuators and Guidance Navigation and Control (GNC) systems.
Retrofitting so called dumb ammunition with a Course Correction Fuze (CCF) fills the
gap between precise, but expensive guided missiles and cheap, but inaccurate conven-
tional artillery rounds. A Course Correction Fuze replaces the original fuze of the pro-
jectile and has built in sensors and actuators to provide course correction. This way the
existing stockpiles of ballistic shells will be used with increases in accuracy and range,
and decreases in collateral damage and round expenditure. Due to extreme accelerations
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2 Introduction

at launch and limited amount of available space the sensors and actuators are subject
to challenging requirements, which complicate the design of Course Correction Fuzes.

This study focuses on the ATK XM1156 Precision Guidance Kit (PGK), a mechanically
simple Course Correction Fuze for spin-stabilized 155 mm ammunition. The simplicity
of the PGK ensures low cost and easy implementation, but creates additional require-
ments on the controller. The PGK fits in the conventional 155 mm deep fuze well and is
screwed onto the projectile like the original fuze, compatibility with other calibers, 105
mm for example will be introduced in future increments [2]. The available size of the
fuze is limited, and not all of the usual sensors and actuators which are used for guided
missiles can be placed in the fuze head, for this the controller has to compensate.

1-1 Literature study

In preparation for this thesis a literature study was performed, of which a summary is
presented in this section. The literature survey presents an overview of available CCFs,
the most commonly used dynamical models, and focuses on different types of guidance
and control currently applied to artillery projectiles equipped with a CCF.

1-1-1 Models

The Models of ballistic projectiles commonly use the highly nonlinear 6 Degrees of Free-
dom (DoF) Equations of Motion (EoM) as a starting point and are based on references
[3, 4, 5]. It is shown how this model can be transformed to the non rolling body frame,
used for spin-stabilized ammunition in reference [6]. This model is used for unguided
spinners, but also as simplified model for guided projectiles, where forces on a general
guidance-fuze are taken into account without specifying the actuators.

Both 6 DoF and 7 DoF models are highly nonlinear and are usually linearized before
they are used in controller design as in references [7, 8, 9, 10]. Projectile linear theory
or Linear Parameter Varying (LPV) techniques can be used to obtain a linear model
[11, 12, 13, 14]. The more simplified models neglect the coupling between the yaw and
pitch dynamics, so two separate controllers can be designed for the lateral and longi-
tudinal control. However, more complex and detailed models show that the pitch and
yaw channel dynamics are tightly coupled, therefore a multivariable feedback law is re-
quired. Designing separate controllers for each axis could lead to poor performance or
even instability [15]. and more complex control techniques are required. The linearized
models based on projectile linear theory have the benefit of less computational power
requirements and the combination with an LPV technique provides a more accurate
system model.

D. Mutters Master of Science Thesis



1-1 Literature study 3

1-1-2 Control techniques

Switching control can be found everywhere in daily life. For example in the ther-
mostats to heat your house often a simple bang-bang switching controller is used, when
the temperature drops below the lower boundary the heating is switched on, when
the temperature rises to above the top boundary the heating is switched off again
[16]. In general switching control combines continuous dynamics with discrete switching
events[17]. Switching controllers are amongst others used in combination with gain-
scheduling controllers, which are one of the most popular control techniques for missile
autopilot design [18, 19]. Stability and the avoidance of chattering, excessive switching
between modes, are two typical challenges because of the involved switching [19, 20, 17].
Lyapunov’s stability theory for general nonlinear systems can be used to find switching
signals that preserve stability [17].

MPC is used in projectile guidance. However important differences are noted, mostly
caused by the type of projectile, actuator, or application. Some of the different applica-
tions of Model Predictive Control (MPC) are: fin-stabilized projectiles|7, 8], proportional
actuators, or direct-fire projectiles|[7]. MPC has not yet been applied to control actuators
like the PGK, but it looks promising.

Other control methods can also be applied to guided projectiles. Linear quadratic
optimal control is used in [21, 22], both on projectiles with movable canards on the
nose. Hqo control methods are used in multiple studies by the French-German research
Institute of Saint Louis (ISL): in combination with PID control in [23]; He and Heo
constraints are compared in [24]; Mixed sensitivity Ho, control is used to design a gain
scheduled controller in [15]; In [25, 26] H, loop shaping is used. Different forms of PID
controllers are used in [27, 28, 29].

1-1-3 Conclusion

of the literature study is that a nonlinear 6 DoF non-rolling body frame model is the
best suitable model to describe the dynamics of a spin stabilized projectile. This model
is to be used as simulation model and can serve as the starting point for linearization.
Linear models are often chosen for guided projectiles, as the computational power in
the fuze is limited. A combination of (modified) projectile linear theory and jacobian
linearization results in an accurate LPV model.

Switching mode control and MPC are both common control methods used in guided
munitions, although they has not been applied to this kind of actuator. Stability and
chattering are two main challenges to be dealt with. H., provides robustness but does
not have the ability to deal with constraints. Linear MPC seems to be a logical choice
for a controller as it has the possibility of dealing with constraints, stability, and uses
linear models to decrease computational requirements.
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4 Introduction

1-2 Problem description

The problem statement is phrased with the following research question: How to design
and evaluate a controller for a 155 mm spin-stabilized gunfired projectile equipped with
the Precision Guidance Kit? The design criteria are:

e Robustness: Provide course correction without destabilizing the projectile

e Performance: Result in a Circular Error Probable (CEP) of less than 50m

target initial
coordinates conditions

state

Calculate nominal
trajectory

Projectile
Dynamics

actuator forces

Guidance
signals

Controller Guidance

on/off

Figure 1-1: block diagram

The block diagram shown in figure 1-1 shows the entire system. With an exception of
the first block, that calculates the nominal trajectory based on the target, all blocks
need to be designed.

First of all a model of the projectile and the actuator is needed. The switching controller
and MPC controller require different models. The switching controller uses nonlinear
models, and the MPC controller uses linear models. So linearization of both the projectile
and actuator model is needed. Secondly a Guidance algorithm has to be designed to
create inputs for the controllers. Last but not least both controllers need to be designed.

Linear MPC control proved to be a significant challenge for the highly nonlinear simu-
lation model. Application of MPC in closed-loop simulations was not achieved in this
thesis. Therefore the structure of this thesis is somewhat unconventional. The design
and results of the switching controller are discussed completely, but the work concerning
the MPC, including theoretical derivation of the MPC structure and a working example
of a controlled pendulum, is presented as a stepping stone for further research. The
following research objectives are reached:

e Modeling the projectile and the PGK

e Linearization of the projectile and actuator model
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1-3 Thesis outline 5

e Implementing the Guidance algorithm
e Designing the switching mode controller

e Evaluation of the controller in simulation

1-3 Thesis outline

This thesis is structured in the following way. Chapter 2 describes the models used to
describe the projectile and actuator dynamics. This includes the translations between
the different reference frames. the description of the actuator, and the linearization of
both projectile and actuator model. The guidance is explained in chapter 3, where the
structure of the guidance algorithm is discussed and a simplified proportional example is
used for demonstration. The design of the switching controller and the MPC structure
is shown in chapter 4. Chapter 5 includes the simulations conducted with the switching
mode controller. Finally the conclusion and recommendations of this graduation work
can be found in chapter 6.

At the back of this thesis there is an appendix including the mathematical derivations
of the jacobian linearization that are found to be too tedious for the main matter of this
thesis.
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Chapter 2

Model

This chapter describes the dynamical models of the projectile and actuator that are
used for guidance, control, and simulation. In section 2-1 the projectile model is shown
in three subsections each describing a different reference frame. The inertial frame or
Earth frame, the body frame, and the non-rolling body frame, which is an intermediate
frame between the inertial and body frame. The transformations between these different
reference coordinate systems are included [6]. The full-nonlinear 6 Degrees of Freedom
(DoF) non-rolling body frame model, based on references [3, 4, 5], is used as high-fidelity
simulation model.

The actuator is described in section 2-2. A general description of the actuator is given
and the nonlinear actuator model is shown.

The 6 DoF non-rolling body model is linearized according to projectile linear theory [13]
and is shown in section 2-3. The resulting Linear Parameter Varying (LPV) model is
verified by comparison to the nonlinear model and the same is done for the actuator
model.

2-1 Projectile model

This section describes the Equations of Motion (EoM) of the projectile body with 6
DoF. Starting at the inertial reference frame, the equations of motion are transformed
to the body frame. An intermediate frame, the non-rolling body frame, is a commonly
used reference frame for highly spinning projectiles because of the lower computational
demand. This model will be used as simulation model, and as a starting point for a
linear control model.
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8 Model

2-1-1 Inertial reference frame

The Flat earth frame is used as inertial reference frame. This frame omits the rotation
and curvature of the earth, which is sufficiently accurate for short flight trajectories [11].
The x-axis is positive towards the target, parallel to the surface of the earth. The y-axis
is perpendicular to the x-axis, parallel to the earth’s surface and positive to the right
when looking from gun to target. The z-axis is perpendicular to both x- and y-axis and
positive downwards as in figure 2-1a.

(a) Earth coordinate system (b) Body coordinate system
Figure 2-1: Used coordinate systems

Source: [11]

2-1-2 Body frame

Standard Euler angles are used to transfer the earth frame to the rolling body frame,
which has its origin at the center of mass of the projectile. The x-axis of this frame
points forward out of the nose of the projectile. The y-axis is positive to the right,
and z-axis downwards, when looking along the x-axis in positive direction. Where u, v,
and w are the velocity vector components, p, g, and r are the angular velocity vector
components, and « and § are the angle of attack and sideslip, respectively, see figure
2-1b. I is the inertia matrix, Fx, Fy, and F; the force components, and Mx, My, and
Mz the moment components. The 6 DoF EOM! (EOM!) are given by:

1 1 Fx 0 —r ¢ U
v|l=—|F|—|7r 0 —p||v (2-1)
w m Fy —q p 0 w
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2-1 Projectile model 9

P [ [Mx 0 —r ¢ p
qg| = [I My | — | r 0 —p [I} q (2-2)
T M, —q p 0 T

Equations (2-3) and (2-4) relate the body frame to the earth frame.

ip cosfcosty singsinfcosy —cospsiny cospsinfcosy +singsiny| | u
Yp| = |cosfsiny sin¢sinfsinty 4 cospcosyy cos¢sinfsiny —singpcosy| |v
ZE —sind sin ¢ cos ¢ cos ¢ cos 6 w
(2-3)
b 1 singtanf cos¢tané| |p
0l =10 cos ¢ —sin ¢ q (2-4)
. ind
v [0 & s L

The force vector F' = [Fx Fy F. Z]T can be decomposed into four elements, namely an
aerodynamic force acting on the projectile body, Fj, the Magnus force, F,,, caused by
the combination of the spinning of the projectile and angle of attack, the gravity, I, and
the actuator force F,,. The actuator model is discussed in section 2-2, but the other three
forces are shown below. Here ¢ is the dynamic pressure, S the aerodynamic reference
surface of the projectile, d the diameter of the projectile, V' the total velocity. C49 and
Cyo are the terms of the aerodynamic drag coefficient, C'y,, is the normal coefficient,
and Cy,, the Magnus force coefficient. The normal coefficient is the same for Y and Z
direction because of projectile symmetry. The aerodynamic coefficients are obtained by
table lookup, as a function of Mach number M.

X
F=|Y|=FK+F,+F;+F, (2-5)
A
Cao+ Caz (1)2‘%“”2)
F,=—qS CNOL% (2—6)
CNO&%
pd 0
Fy = qus(v) Cypas (2-7)
—Cypays
—sin 6
Fy =mg |cosfsin¢ (2-8)
cos 6 cos ¢
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10 Model

Cao + Caz (554°) 0 —sinf
F=—-4S CNo + (%) Cypa P +mg |cos@sing | + F, (2-9)
Cna —Cypaty cos 6 cos ¢

The moments M = [Mx My MZ}T are decomposed in the same way as the forces. The
moment caused by aerodynamics on the body, Mp, and the Magnus effect, M,,, are
shown. Additionally there is a term containing the damping, My. And the actuator
moments are M, explained in more detail in section 2-2. C,,, is the aerodynamic body
overturning moment coefficient, Cy,,o the Magnus moment coefficient, and Cj,, Ciy,q, and
Chr the damping moment coefficients. Which are also obtained by table lookup based
on the Mach number, however the Magnus moment coefficient is also a function of a/,
which is the angle of incidence. a/ = arccos ;.

Mx
M= |My|=My+ M, + Mg+ M, (2-10)
Mz
My = ¢Sd | Chay (2-11)
_Cma%
Pad 0
My, = —Sd( o ) |Copart (2-12)
C w
npay;
Cipp
_ d P
My =aSd(;) |Cumgd (2-13)
Chrr
0 Cipp
_ w od v d P
M = qu Cmon - (7) Cnpav + (V) Cmqq +Ma (2‘14)
—Cha % Crpa % Crrr

2-1-3 Non-rolling body frame

The last coordinate system used is the non-rolling body frame (or body fixed plane
frame) [6, 30]. This frame will pitch and yaw with the projectile, but not roll, which
makes it a convenient frame for spinning projectiles. In the body frame the forces acting
on the projectile body rotate with the body which requires significant computational
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2-1 Projectile model 11

power since the roll rate is high (order of magnitude 200 Hz). In the non-rolling body
frame these forces are decoupled from the rolling of the projectile, but still follow the
changes in pitch and yaw. Rewriting the equations from the body frame to the non-
rolling body frame does not change the physics, it is a mathematical ’trick’ to decrease
computational time.

In the non-rolling body frame, ¢ = 0, and ¢ = 0, which will lead to p = —r tan6. The 6
DoF equations of motion, in the non-rolling body frame are

U 1 Fx 0 —r q U
| = Fy|—|r 0 rtanf| (v (2-15)
w Fz | —q - tan 6 0 | |w
P L [Mx] [0 —r g | _[p
q {I} My|—|r 0 7 tan 6 I} q (2-16)
7 Mz | |—q —rtan 0 0 r
Tg cosfcosyy —sinvy sinfcosy| |u
yg| = |cosfsiny costy sinfsiny | |v (2-17)
ZE —sinf 0 cos 6 w
q;b 1 0 tanf| |p
bl=10 1 o0 ||q (2-18)
P 00 =25||r
As ¢ = 0 the equation of the gravitational force will change to
—sind
Fy=mg 0 (2-19)
cos 6

The equations of aerodynamic forces and moments are identical to those in the rolling
body frame. The variables change however, since they are now calculated in the non-
rolling body frame. Therefore the total equation describing the forces changes to

Cao + Caz (54°) 0 —sinf
F=-gS Cna + (1%) Copa | V+mg| 0 |+F, (2-20)
CNav —Cypays cos §

while the equation describing the moments remains the same as in the rolling body
frame.
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Pad 0 d Clpp
M=qSdq | Coa | = (57) |Comatr| + (37) | Cmat| { + M (2-21)
—Cha % Crpa % Crrr

2-1-4 Nominal trajectory

The trajectory without actuator forces and moments, and without an initial offset is
called the nominal trajectory. The target is known before launch and ideally the initial
firing settings will launching the projectile on a trajectory that will end at the target
position, this trajectory is the nominal trajectory. In practice however there are errors in
the initial settings that will cause the trajectory to deviate, for which the actuator will
compensate. Still the nominal trajectory is used for guidance and control as the actual
trajectories are close to the nominal trajectory. The nominal trajectory is known before
launch, so any calculations involving the nominal trajectory can be done off-line and do
not use the limited computational power in flight. In this report the nominal trajectory
is used to show the working the actuator model in section 2-2-2 and in the construction
and verification of the linear projectile model in sections 2-3-1, and 2-3-2 respectively.

The initial state of this nominal trajectory is

T
xo = {Uo Vo Wo Po G0 To TE, YE, ZE, ¢o o wo}

T
= [655m/s 0 0 1324/s 00 0 0 0 0 45° 0]

The trajectory is shown in figure 2-2 and has a final position of [xg yp zg] = [21855 665
0] m.
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6000

4000

h [m]

2000

Figure 2-2: nominal trajectory

2-2 Actuator model

This section is split in two parts. The first part explains how the actuator, the Precision
Guidance Kit (PGK), looks and functions. The second part will discuss the modeling
of the actuator and ends with the equations that describe F, and M, to complete the
equations of motion from the previous section.
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2-2-1 Actuator description

M762 GPS Canards (4)

Safe & Antenna \

Arm \

MOFA
Thread .
Booster Interface to Hulght of
S Burst Sensor
Projectile

Figure 2-3: ATK XM1156 Precision Guidance Kit

Source: [31]

The ATK XM1156 PGK can be used to retrofit unguided munitions, see figure 2-3. The
regular 'dumb’ fuze of the projectile can be replaced by the PGK which can deal with
the detonation, like the old fuze, and adds guidance possibilities at the same time. It is
a roll-decoupled fuze, which means that the fuze can rotate with respect to the projectile
body. It is equipped with four canards, two for anti-roll rotation of the nose and two to
generate lift for the course correction. Because of the anti-roll canards the fuze will spin
in the opposite direction of the projectile’s spin when in flight. The ring with the canards
can be despun using a roll-brake. When the braking power is fully applied, the ring will
act as if fixed to the projectile. Without braking the ring will spin freely in the opposite
direction of the projectile’s spin. And when the braking power is somewhere in between,
the ring can be fixed with respect to the earth. If the PGK ring is set fixed with respect
to the earth it can deliver force and moment in a certain direction. It’s important to
note that the PGK is not a proportional actuator, the direction of the actuator forces
and moments can be chosen, but the magnitude cannot. So the controller will have two
options, apply the actuator at a certain angle, or letting it spin freely. When the last
setting is chosen there will be no resulting actuator forces perpendicular to the projectiles
movement, only a drag force.
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Figure 2-4: schematic front-view of PGK

So the steering canards can be stabilized in the proper roll attitude to generate a lift
force in the desired direction. The two roll canards only facilitate the rotation of the ring,
so it can be set at certain angle, see figure 2-4 for a schematic front-view of the PGK.
This concept is originally proposed by [32] and differs from the other Course Correction
Fuzes (CCFs) by its simplicity; there is no deployment of drag brakes, spin brakes or
canards and there is no motor or extra battery required since an alternator generates
power from the spinning of the fuze with respect to the body. The only sensor the PGK
uses is a Global Positioning System (GPS) sensor with roll angle determination by a
magnetometer [2]. The PGK promises to deliver significant improvements to projectile
accuracy, achieving a Circular Error Probable (CEP) of less than 50 m [33].

2-2-2  Nonlinear actuator model

The nonlinear actuator model is a simplification. In reality the PGK is actuated by
a brake, counteracting the torque caused by aerodynamics. The brake torque can be
regulated, when this is zero the PGK ring can spin freely, when it’s maximized the PGK
ring is rotating with the body, and somewhere in between the PGK ring can be set fixed
with respect to the surroundings. This model is calculating the forces and moments in
the fin frame caused by the actuator, given the state of the projectile and the angle of
the PGK ring. This is a static model, all dynamics of the actuator are omitted in this
simplification.

The aerodynamic coefficients are calculated with Computational Fluid Dynamics (CFD)
software, and are defined in the fin frame. The forces and moments in the fin frame,
respectively Fr and Mg are defined as follows. With ¢ the dynamic pressure, S, the
reference surface of the fins, [, the reference length of the fins, C.. the aerodynamic
coefficients, M the Mach number, and ap;, the angle of attack of the Fins.
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CAFin (M, aFin)
Fr = ¢S, | OYpin(M, apin) (2-22)
CNF@n(Ma aFin)

CLLF'm (./\/l, an'n)
Mp = (jsrlr CMan(My aFin) (2—23)
CLNFm(M7 aFin)

The Mach number, M, depends on the velocity and altitude, which are part of the
current state, z(t), and the angle of attack of the PGK Fins depend on the current state
and the angle of the PGK ring, apari. So these equations can be rewritten to:

CApin(z(t), apcr)
Fr =4S, | CYFpin (x(t)a aPGK) (2_24)
CNpin(z(t), apcr)

CLLpiy(z(t), apcr)
Mp = q_Srlr CMan(x(t)a aPGK) (2_25)
CLNpin(z(t), apar)

Since these Forces and Moments are located in the fin frame, at the nose of the projectile,
a translation is necessary for them to be applied to the equations of motion in the non-
rolling body frame. The forces remain the same, but the moment caused by these forces
needs to be taken into account. The translation across the x-axis from the nose to the
CoG of the projectile body is —0.43m

Fa, CApin(2(t), apar)
Fo = Fay =q5r CYFin(w(t)7 aPGK) (2'26)
Fo, CNpin(z(t), apak)
CLLpin(x(t), apak) 0
My, = qSyly | CMpin(2(t),aper) | + | 0.43F,, (2-27)
CLNFm(x(t), apGK) —0.43Fay

F, and M, are the actuator forces and moments, and can be substituted into equation
(2-20) and (2-21). In figures 2-5, 2-6 and 2-7 the resulting forces and moments in y and
z direction are shown. These are snapshots of the actuator model at a quarter, halfway
and at three quarters of the nominal trajectory previously discussed in section 2-1-4.
At this point the PGK is rotated with apgk increasing from 0 to 2w. The magnitude
of the actuator forces and moments change along the trajectory, as the velocity of the
projectile changes. As can be seen from the figures the shape of the force and moment
plots is similar for the different times along the trajectory.
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Figure 2-5: actuator model at a quarter of the nominal trajectory
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Figure 2-6: actuator model halfway nominal trajectory
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Figure 2-7: actuator model at three quarters of the nominal trajectory

2-3 Linearization

In section 2-1 and section 2-2 the nonlinear models of the projectile and actuator are
discussed. These models are often linearized to save computational time or to be used
in combination with linear controllers. This section describes how the projectile and
actuator model are linearized, and also compares them to the nonlinear models for
validation.

2-3-1 Linear projectile model

Some simplifications to the non-rolling projectile model are made according to projectile
linear theory [13]:

e IV and p are large compared to 0, ¥, v, w, q, and r, such that products of small
quantities and their derivatives are negligible.

e V' p are slowly changing and considered to be constant for small time steps.
e y is large compared to v and w: u~ V.

e small angles of attack: a ~ {7, and 3 =~ .

e since the shell has cylindrical symmetry: I, = I..

Since V and p are considered to be constant, their derivatives are zero and can be left
out of the equations of motion, changing it to a 4 DoF system. The remaining four states
are dependent on the values for V and pg, so these are updated along the trajectory,
which makes it a parameter varying model.
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v 0 rtan 6 0 Vv v %Fy

wl rtanf 0 -V 0 w n %FZ

q 0 0 0 Iy_yllm xp+rtanf| |q Iy_ylMy

r 0 0 — I e *p —qtan6 r I My
(2-28)

Now eliminating the products of small quantities, and applying assumption of constant
V =Vyand p = po, and Iy, = I,

b 0 0 0 Vo v LFy
i 00 Vo 0 w ~Fy
= - + [ 2-29
q 0 0 0 I owxpo| | g I} My (2-29)
G 0 0 —I'Lw*po 0 r I, My

Using linearization along the nominal trajectory these 4 DoF equations can be writ-
ten into a linear equation describing the deviation of the trajectory from the nominal
trajectory.

Taking the first term of the Taylor expansion, the Jacobian, from (2-29) results in
equation (2-30), for details of this derivation see Appendix A:

~Aj -Bj 0 -V
Bj —Aj Vo 0

A=1.¢j Bf Fj —qj (2-30)
-Ej -Cj Gj Fj
where
1
A= ——GSCna 2-31
J mVoq N ( )
N 1 _ pod
By = S 7 Cypa (2-32)
_ 7Sdp0d
C; =11 200 2.33
J vy VYO ‘/0 P! ( )
75d
E; = 1;y1q7ocma (2-34)
75d
Fj = I;;%dcm (2-35)
0
Gj =1, Izpo (2-36)

As can be seen, the elements in matrix A still depend on Vj and pg, which are considered
to be constant for small time intervals. Therefore matrix A will be updated along the
trajectory, resulting in an LPV system describing the deviation dynamics,

§0(t) = A(Vo, po)ds(t) where 6,(t) = a(t) — &(t) (2-37)

where z is the nominal state.
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2-3-2 Validation of linearized projectile model

To validate the assumptions and simplifications leading to the LPV model (2-37), it is
compared to the non-linear model with the same initial offset from the nominal trajec-
tory. Four cases are shown: the first without offset, so the nonlinear trajectory in this
case is the nominal trajectory, the second with a .5° offset in initial pitch angle, the
third with a .5° offset in initial yaw angle, and the fourth with a 10 m/s offset in initial
velocity. Since deviation in these initial values are the main cause of delivery error of
projectiles, they will be varied in the later simulations to test the controller. Therefore
the linear model should be valid for these forms of deviation. As a measure of accuracy
the Root-Mean-Square Error (RMSE) relative to the traveled distance is used. The rel-
ative RMSE should be small, in the order of 1%. Finally the influence of the sampling
time is analyzed.

zero offset There is no initial offset with respect to the nominal trajectory, so the
nonlinear trajectory equals the nominal trajectory.

24 %
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— — linear
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(a) Trajectory zero deviation (b) RMSE relative to traveled distance

Figure 2-8: comparison trajectories zero offset

The two trajectories are shown in figure 2-8a, and are almost equal. The RMSE relative
to the traveled distance is in the order of 1 x 10™%.

pitch offset An offset of .5° is applied to the initial pitch angle of the nominal trajectory.
Both the nonlinear and the linear trajectory will therefore deviate from the nominal
trajectory.
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Figure 2-9:
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(b) RMSE relative to traveled distance

comparison trajectories pitch offset

The two trajectories are shown in figure 2-9a. The relative RMSE is in the order of
5 x 1073, and the maximum of the relative RMSE as can be seen from 2-9b it’s maximum
is around the apex of the trajectory, where the velocity is minimal.

yaw offset Similar to the pitch offset, in this case a yaw offset of .5° is applied to the
nominal trajectory’s initial condition.
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Figure 2-10:

6000 — — linear

x10°

N
o

g N N N
© ~ IS E o
T T T T T

relative mean squared error [-]
fid
(=2
T

. . . . .
0 0.5 1 1.5 2 25 3
traveled distance [m] x10%

(b) RMSE relative to traveled distance

comparison trajectories yaw offset

The two trajectories are shown in figure 2-10a. The relative RMSE shown in figure 2-10b
is in the order of 4 x 1073, with the maximum around the apex of the trajectory.

initial velocity offset A deviation of 10m/s is applied to the nominal initial conditions.
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Figure 2-11: comparison trajectories velocity offset

The two trajectories are shown in figure 2-11a. The relative RMSE shown in figure 2-11b
is in the order of 9 x 1073, with the maximum around the beginning of the apex of the
trajectory.

sampling time The sampling time is increased from 0.01s to 0.1s and 0.5s, and the
zero offset and pitch offset simulation are repeated. Figure 2-12 shows that the RMSE
increases with the sampling time for the zero offset simulation. The pitch offset simula-
tion shows almost no change in RMSE between T = 0.01s and T; = 0.1, but when the
sampling time is increased to Ty = 0.5s the error also increases, as can be seen in figure
2-13.
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Figure 2-12: comparison sampling time for zero offset simulation
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Figure 2-13: comparison sampling time for pitch offset simulation

2-3-3 Linearized actuator model

The nonlinear actuator model described in equations (2-26) and (2-27) is written in short
as

[ A ] — frex(a(t), apax) (2-38)

A small increase in PGK angle is applied, dqp , resulting in a slightly different actuator
force and moment, F,", and M. This actuator model is linearized in the same way as
the projectile model, however the linearization is done numerically instead of analytically.
The actuator model contains a highly nonlinear transformation from fin frame to body
frame, therefore numerical linearization is more appropriate.
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Ft
|:]Wa+] = fPGK(x(t)7 OpPGK + 50<PGK) (2'39>

so the gradient my;, is

Miin = 5 (2-40)
APGK
The new force and moment vector according to the linear actuator model are:
-Flm _ . Fa
[Mlin = Myn * dapgk + M, (2—41)
which can be rewritten as
5F o -Flm Fa o o
[5M] = [Mlm AR Myin * dapgx = B x dapgik. (2-42)

So the linearized actuator model describing the deviation dynamics of the actuator is
B = myjn.

In figure 2-14 to 2-18 and table 2-1 you can see the effect of the size of the update step
dapak on the accuracy of the linearization.

da. = 0.001 is chosen for the local linearization, a sensitivity analysis on this value is
performed at the end of this section in table 2-2.
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Figure 2-14: Linear actuator model, update step da = 0.001 * 27
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Figure 2-15: Linear actuator model, update step da = 0.01 * 27
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Figure 2-16: Linear actuator model, update step da = 0.02 * 27
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Figure 2-17: Linear actuator model, update step da = 0.05 * 27
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Figure 2-18: Linear actuator model, update step da = 0.1 * 27

dapgk [27] | 0.001

0.01

0.02

0.05 0.1

mean error ‘1.2419><10_5 0.0015 0.0059 0.0368 0.1452

Table 2-1: influence of dapgi on the error, with da = 0.001

In table 2-2 it can be seen that the mean error is minimal when da = dapggk, this
is caused by the definition of the linear model.
linearization value? To avoid the underestimation of the forces and moments caused by
the actuator. When da < dapgi the forces from the linear model are larger than those
of the nonlinear model, therefore the control effort will be lower.
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doyin [27] ‘0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.2

mean error [x1071] [ 11.8 885 591 296 0.00 2.96 591 886 11.8

Table 2-2: influence of da on the error, with dapgrx = 0.01 * 27

2-4 Conclusion

The dynamical models are described in this chapter, as are the transformations between
the different coordinate systems. The nonlinear 6 DoF non-rolling body frame projectile
model serves as a simulation model as well as the base for the linear projectile model.
The derivation of the LPV projectile model and the linear actuator model is shown,
based on projectile linear theory and Jacobian linearization. The linear models are
both validated and are capable of accurately describing the projectile and the actuator
with the expected changes in initial velocity, pitch angle, yaw angle and sampling time.
Therefore they can be used in (linear) controller design.
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Chapter 3

Guidance

In Guidance Navigation and Control (GNC) systems, the guidance provides the desired
trajectory, the navigation determines the current state, and the control manipulates
the actuator to follow the trajectory determined by the guidance. In this chapter the
guidance is explained. The navigation is assumed to be ideal, so at any time the state of
the projectile is known. To illustrate how the guidance works, a proportional controller
and proportional actuator are used. This will greatly simplify the control problem and
results in a simulation in which the possibilities and limitations of the guidance can be
shown. The actuator and controller can be seen as ideal, so the resulting error will be
caused by the guidance and not by the actuator or controller. Therefore this chapter
ends with a perfect benchmark for the controller designed for the PGK in chapter 4.

3-1 Jacobian guidance

The guidance is developed by TNO and is modified and applied to the 6DoF non-rolling
body frame in this chapter. It is a Jacobian based guidance, which calculates the change
in velocity needed to deliver the projectile at the desired end-point. This is done by
analyzing changes in the velocity along the nominal trajectory, and their effect on the
end-point.

Intuitively this effect will change along the trajectory, velocity added at the beginning
of the trajectory will cause a larger deviation of the end-point, than additional velocity
a second before impact.

A Jacobian matrix is acquired of the effects of a deviation in velocity AV,, AV, and AV,
on the deviation of the impact point in range and cross-range direction AR and ACR.
This Jacobian matrix is calculated along the nominal trajectory, is computationally
expensive but can be done off line so it does not use the scarce computational power
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available in the actuator itself. It is commonly assumed that the projectile trajectory is
close enough to the nominal trajectory for this jacobian matrix to be used.

AV,

AR m
[ACR] = Jguidance(t) AVy (3‘1)

AV,

where

OR  OR  OR
' oV oV, OV
Toidance® = | 5cR  9CR  OCR
v, v, ov.

(3-2)

The elements of the jacobian matrix are calculated multiple times along the trajectory,
and are interpolated between calculation points, see figure 3-1. The green and yellow
line are printed in bold to highlight that AV, has the largest effect on ACR, and AV,
has the largest effect on AR. An increase in AV, has a negative effect on the range, this
is because the z-axis is positive downwards and it makes sense that the projectile will
have a decreased range, with an increased velocity pointed towards the surface.

.
dR/dVx
dR/dVy
dR/dVz | |
dC/dvx
dc/dvy |
dC/dvz

Jacobian elements (s)

-20 [

-30

0 10 20 30 40 50 60 70 80
time (s)

Figure 3-1: Jacobian elements along nominal trajectory

With this information, the effect that a change in velocity somewhere along the trajectory
has on the location of the impact point is known. The goal of the guidance is to show
the change in velocity needed to minimize the error between expected impact point and
the desired impact point. So the inverse relationship is needed. At any time along the
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trajectory, the impact point can be calculated using the current state. And the range
and cross-range deviation AR and ACR from the impact point to the desired impact
point can be obtained.

AR(1) ug, (t) — ug(t) xp,(t) —xp(t)
[ACR(t)] - Jguidance (t)Tvi VE, (t) — VUE (t) + Iguidance YE, (t) - yE(t) (3'3>
wg, (1) — we(t) zE, () — z6(1) |
cosfcosy —siny sinfcosy 10 [ug ||
Ty; = |cosfsinty costy sinfsiny |, and Iguidance = 01 HUEnH (3-4)
—sinf 0 cos mi

Where T,; is the transformation matrix from the initial frame, or earth frame, to the
non-rolling body frame. The second term in equation (3-3) is to compensate for the fact
that this extrapolation method calculates the final position at the impact time of the
nominal trajectory. This position is not exactly at ground level and this is corrected
using the norms of the expected final velocity in x and y direction in matrix I uidance.

A change in velocity needs to be applied to the projectile to end up with a desired change
in impact point of, so the resulting delta between predicted impact point and desired
impact point will be zero. The desired changes in velocity AVy*, and AV} will be used
as a reference signal for the controller. Since the PGK does not provide the possibility
to change the velocity in x direction, that term is not used as a reference signal. This
results in

AVFI |01 0 AR(t)
lAVJ} a lO 0 1] I guidance [ACR(t)]’ (3-5)

where J

guidance is the Moore-Penrose inverse, or pseudo-inverse, of Jyyidance-

3-2 Guidance example

The guidance provides reference signals AVjf, and AV as described in the previous
section. The guidance is applied to a simplified problem, the nonlinear 6 DoF non-rolling
body frame projectile model is used, but the actuator is assumed to be proportional.

The guidance signals are the deviations in normal velocity that would set the projectile
onto a new desired trajectory leading to the target. A simple proportional control
law is used to demonstrate the guidance. These signals, AV , are multiplied by two
proportional control gains, K2 and applied directly to the equations of motion in the

non-rolling body frame as specific force Fj, .
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F K AVr
Y| — Yy -

] ] o
U 1 X 0 —r q U 0
0|l =—1|Y|—=|r 0 rtan@| |v | + |Fy, (3-7)
w "z —q —rtanf 0 w Iy,
P , L 0 - q D
q| =] M| —|r 0 rtand| [1] |q (3-8)
7 N —q -—rtan6 0 r

The combination of the guidance and this simple controller is significantly reducing the
delivery error. An initial deviation of £1° in pitch and yaw angle is used to show the
effect of the guidance and control in this example. The gains in this example are set at
K1 = K2 =1, without any further tuning the guidance and control are already working
satisfactory.
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Figure 3-2: proportional forces example guidance

As can be seen in figure 3-2c about 4 seconds are needed for the guidance and control to
change the trajectory of the projectile so it is on track to hit the target. After 4 seconds
the guidance commands (and thus the specific forces since K; = Ko = 1) are close to 0.
So there are no, or small, changes in velocity needed to reach the desired destination.
Just before impact the forces blow up. This can be explained by the remaining error.
With this guidance and control there is still a miss-distance of almost 7m. Just before
impact there is little time to reach the target without an error. When the time to impact
goes to 0, the required delta velocity to reach a delivery error of zero goes to infinity.
This can also be seen in figure 3-2b.

The miss distance, or delivery error, ¢, is defined as
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Ex TE (timpact) T,
E=|&y| = |YE (timpact) Ty s (3‘9)
€z ) (timpact) T,

where T}, , . are the target coordinates, and (x,y, 2) £(timpact) the simulated coordinates
in the earth frame at time of impact. The delivery errors of the uncontrolled and
controlled simulations with the different offsets for initial pitch and yaw angle are listed
in table 3-1. As can be seen in the table, the guidance in combination with a simple
actuator and controller is capable of dealing with offsets of 1° in all directions. These
offsets will cause delivery errors of around 400m for the uncontrolled trajectory. This
guidance and controller can reduce the error to a couple of meters. Note that the
simulation stops right before the projectile hits the ground, in the second row of table
3-1 this is quite large. The projectile is still 6m above ground when the simulation stops,
although the delivery error is already greatly reduced, it could be reduced further when
the simulation stops at exactly 0 as is the case for the other simulations shown in this
table.

This test is repeated for another proportional actuator, controlling only the moments.
The controller gains are K1 = Ky = (0.5, resulting in a trajectory and guidance signals
as shown in figure 3-3. The resulting miss distances can be found in table 3-1, and are
significantly smaller than the uncontrolled miss distances, but slightly larger than those
of the actuator using specific forces.

M KAV}
v| — Y .
)= s 310
U 1 X 0 —r q U
vl =—1|Y|—|r 0 rtanf| (v (3-11)
w Mz —q -—rtanf 0
P . L 0 —r q P 0
ql = {I} M|—|r 0 rtan 6 [I} ql | + | M, (3-12)
T N —q —rtan6 0 r —M;,
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Figure 3-3: proportional moments example guidance

Table 3-1: proportional example guidance: delivery error for different offsets

offset [°] | uncontrolled [m] | controlled by Fs [m] | controlled by M, [m]
0 P I Ey €, | €g Ey €& Ex Ey o
0 0 0 0 0 |0 0 0 0 0 0
+1 +1]-126 401 0 |42 0.5 6.1 101 58 0
+1 -1 |76 -359 0 |05 O 0 8.6 -28 0
-1 +11-999 354 0 |-07 O 0 -129 38 0
-1 -1 |-13.2 -402 0 |-06 O 0 -176 -53 0
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3-3 Conclusion

In this chapter the principles of the jacobian guidance are explained. The mathematical
derivation of the guidance signals are included. These signals will function as a reference
to be tracked by a controller. To demonstrate the capabilities of the guidance, two simple
proportional actuators are used, one providing only forces, and one only moments. These
actuators are combined with a proportional controller. This combination results in a
decrease of delivery errors by at least 95% for initial offsets in pitch and yaw angles of
1°.

While the actuator and controller are to be changed for more realistic ones in the next
chapter, the guidance is as described in this chapter. So any increase in delivery error
can be attributed to the actuator and controller.
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Chapter 4

Control

This chapter is divided into two main parts, one for each controller. Firstly the guidance
as previously described will be combined with the nonlinear actuator model and an
empirical switching mode controller. The specific effect that the actuator setting has
on the impact point and the guidance signals is analyzed. Based on that an empirical
switching mode controller is designed. The switching points of the controller are analyzed
based on their effect on miss distance and actuator signals. This analysis finishes with a
tuning for the switching controller that successfully provides course correction with the
Precision Guidance Kit (PGK) actuator.

Secondly the Model Predictive Control (MPC) controller is detailed. The structure of the
MPC is shown, including the control model, how the prediction matrices are constructed,
as well as the performance signal and the cost function. This is explained by solving
the control problem of stabilizing a downward facing pendulum. This can function as a

stepping stone for a model based controller to provide course correction in combination
with the PGK.

4-1 Switching controller

A logic-based switching controller is a controller whose subsystems include not only fa-
miliar static or dynamical components such as the PGK model in this particular case.
These kind of controllers contain event-driven logic and associated switches as well. In
systems like this the logical component acts as the mode changer[34].

Switching control can be found everywhere in daily life. For example in the thermostats
to heat your house often a simple switching controller is used, when the temperature
drops below the lower boundary the heating is switched on, when the temperature rises
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to above the top boundary the heating is switched off again [16]. In general switch-
ing control combines continuous dynamics with discrete switching events[17]. In the
thermostat example the discrete mode changer is based on logics, if T' > Typperboundary
control action is zero. When the temperature decreases and reaches the lower boundary
T < Tiowerboundary, the controller is switched on again. The system used to control the
temperature, when the switching controller turns it on, can be linear or nonlinear, but
the switching itself is by definition discrete.

Switching controllers are amongst others used in combination with gain-scheduling con-
trollers, which are one of the most popular control techniques for missile autopilot design
[18, 19]. Stabilization and the avoidance of chattering are two typical challenges because
of the involved switching [19, 20].

In this section the guidance as previously described will be combined with the nonlinear
actuator model and an empirical switching mode controller. The effect that the actuator
setting has on the impact point and the guidance signals is analyzed, and a switching
mode controller is designed based on that. The switching laws are stepwise constructed
subsequently, and tuned based on sensitivity analyses to end up with the switching
controller. Stability is not theoretically proven, but is shown in simulation in chapter
5. Chattering, excessive switching between two switching laws, is dealt with by the
switching laws.

4-1-1 Impact point analysis

The PGK actuator model is described in section 2-2. The forces and moments caused
by the actuator are known at a certain point along the trajectory, for a certain actuator
angle setting. But the effect that these forces have on the projectile trajectory and the
impact point are not shown yet.

A simple experiment is performed in which the PGK model is applied at a constant
angle for 5 seconds. Four simulations are done, at PGK angles apgrx = 0, %ﬂ, m, and
%77. The time interval for the actuation is between 20s and 25s, at this time interval the
vibrations from the launch are dampened and the projectile dynamics are stable. This
is repeated for another 4 simulations in which the actuation of the PGK is done between
40s and 45s. This is to find out if actuation before and after apogee affect the trajectory
in a different manner.

As an example the trajectory and PGK forces and moments are shown when the PGK
actuator model is applied from 20s to 25s at an angle of apag = 0. The end points are

shown in table 4-1. The trajectory, forces and moments are shown in figure 4-1.
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Table 4-1: PGK model test end point coordinates in m

x|y |z
without actuator | 21376 | 2198 | 0
with actuator 21245 | 2567 | 0
difference -132 370 0

—without actuator
with actuator

I —
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E
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0 05 x10%
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N —Fa, —Ma,
80 | A ]
\ —Fay 0 1 —May
60 Fa_|1 B - Ma
z z Z
8 40 57
£ ;
v 201 € 4l
3 B £
0 o
|| a
6
20| L
40 . . . 8 . . .
0 20 40 60 80 0 20 40 60 80
t[s] t[s]
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Figure 4-1: PGK model test: actuation between 20s and 25s, at apgx = 0w

The forces, moments, and impact points of the 8 simulations with varying PGK angles
and actuation times are shown in figure 4-2. The drag force caused by the actuator, F,_,
is also shown. As stated before in section 2-2, this force is almost not influenced by the
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PGK settings at all. For example, at t = 20s, for these four different values of apgx
the actuator drag force varies between F,, = —23.6N to F,, = —21.8N, and therefore
the analysis focuses on the actuator forces Fy,, and Fy,_, since they do change a lot with
the PGK angle.

When the actuator is applied from 20s to 25s the change in impact point is larger than
from 40s to 45s, this has two main causes. The total velocity of the projectile is higher
from 20s to 25s, therefore the PGK forces and moments will also be larger. And the
remaining flight time is larger at 20s, so a change in velocity has a larger effect on the
impact point. Note the exception for apgx = 3/4 7, which is caused by the difference
in pitch angle. For this application of the PGK, where the initial pitch angle is always
45° or less, it is only important that an increase in force in -z direction will increase the
range. An increase of force in this direction pre-apogee may cause a decrease in range
for larger initial pitch angles, but post-apogee it will cause an increase in range for both
scenarios.

It can be seen table 4-2, and in figure 4-2a that changes in x and y direction can be
achieved in both negative and positive direction. So a suitable controller should be able
to provide the desired course correction.

Table 4-2: PGK model test results changes in impact point

actuation time interval | apgr [rad] | change in impact point [m]
dx dy dz
20s-25s 0 -132 370 O
40s-45s 0 -52 186 O
20s-25s 1/2w -256 -41 0
40s-45s /2w -165 -25 6
20s-25s us -32 -260 O
40s-45s s -3 -104 0
20s-25s 3/2 122 12 0
40s-45s 3/2 140 17 0
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Figure 4-2: PGK model test results

4-1-2 Controlling the PGK angle

In the previous section the effect of the actuator on the impact point is shown. To control
the PGK angle a second analysis is necessary. The required forces and moments to track
the reference signal provided by the guidance need to be found. The same example is
used as before, the PGK actuator model is applied from 20s to 25s at an angle of O.
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Figure 4-3: effect of actuator on guidance

In figure 4-3 the effect of the actuator on the guidance signals can be seen. The red line,
AV remains mostly unaffected, but the blue line shows a clear negative change of AV}
This is repeated for the three other angles, and the results are shown in table 4-3.

Table 4-3: effect of actuator setting on guidance signals

z

apgr [rad] \ F,, [N] F,. [N] \ M,, [Nm] M, [Nm] \ AVy AV

0 75.6 0.7 0.1 —5.0 1 -
1/2 w 0.1 63.1 4.1 0.0 - !
1 ~525 0.7 0.0 3.4 4 _
3/2 7 0.1 —64.9 | —4.3 0.0 _ 4

Given the guidance signals AV and AV, the angle of the PGK, apgk, can be de-
termined to apply the required forces and moments to the projectile to provide course
correction. This is the part of the control block diagram shown in blue in figure 4-4.
The calculation for PGK angle is as shown in figure 4-5.
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Figure 4-4: BlockdiagramPGKangle

AV}

R R 3

AV

Figure 4-5: apok

The function arctan, or tan~! is limited to values on the interval (—1/27,1/27). To
calculate apgx the function atan?2 is used, which results in the value for the angle in all
four quadrants on the interval (—m,7].

apck = atan2(AV}, AV)) (4-1)

where atan? is defined as
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arctan(¥) if 2 >0,
arctan(¥) + 7 if z <0 and y > 0,
~ Jarctan(¥) —m if x <0 and y <0,
atan2(y, z) = 1/2m ifz=0andy>0, (4-2)
—1/27 ifz>0andy <0
undefined ifx=0and y=0.

4-1-3 Switching criteria

In this section the controller described in (4-1) is implemented in a switching control
law. The switching criteria are explained and tuned based on a sensitivity analysis on
the resulting delivery error and actuator signals. The analysis is performed using the
nominal trajectory described in section 2-1-4, with an offset of +1° in initial pitch and
yaw angle.

Three switching laws are used and are stepwise added to the controller in this section.
The first one determines when to switch on the controller after launch. At the beginning
of the trajectory there are multiple vibrations present, which are dampened by the stable
design or spin of the projectile. Therefore it is common practice not to start the control
from the beginning of the trajectory, but after a certain time ..

To avoid excessive control action the second switching law is added. This law will shut
the controller off when the guidance signals are below a certain threshold. When the
projectile is on a trajectory ending at the target, the guidance signals are zero. For any
other trajectory the guidance will calculate a certain AV that needs to be applied to
the projectile for it to end up at the desired location. However if this trajectory is close
enough to the ideal trajectory, or the guidance signals smaller than threshold G. the
controller will be switched off by this control law. The third law is added to prevent
excessive switching, or chattering, when the actuator is turned off at time ¢t = ¢,7; by
the second control law, it can only be switched on again after a certain downtime at
time t = t,7r + tq. The three parameters t., G., and t; are analyzed, resulting in the
final switching mode controller. This will cause a larger hysteresis loop but chattering
is avoided.

Controller starting time ¢,

F,| )0 if t <t (4-3)
M,| | frcer(x(t),apgk) for all other situations.

Common in controlling ballistic projectiles is to start actuation at apogee, so any vibra-
tions caused by the launch are dampened, and an increase in pitch angle extends the
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range, which is not always the case before apogee. Choosing to activate the acPGK be-
fore apogee may increase the course correction it can provide. An analysis is performed
with different controller starting times t..

500

400

w

o

o
T—

miss distance [m]
N
o
o

—_
o
o

0 20 40
t_[s]

Figure 4-6: t. sensitivity analysis

A sensitivity analysis of ¢, on the final miss distance is performed, as can be seen in
figure 4-6. An initial offset of +1° in pitch and yaw angle is used for this simulation. As
can be seen any starting time between 2s and 50s will result in a zero miss distance. As
this uncontrolled trajectory hits the ground after 75.5s any ¢. > 75.5s will result in the
uncontrolled trajectory. Applying control from the start results in larger miss distance
than the uncontrolled trajectory. The controller starting time of ¢, = 10 is chosen, this
allows some margin for other trajectories that might need longer to stabilize, but allows
control for the most part of the trajectory resulting in larger possible course corrections.
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Figure 4-7: t. = 10s

As can be seen in figure 4-7 adding the first of the switching criteria results in an improve-
ment in miss distance, from 401m without a controller, to 0.4m with this controller. The
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figure also shows that for the first 10s the actuator is switched off, the actuator forces
and moments are zero. When the PGK is activated it takes roughly from 10s to 20s
to set the projectile on a new ideal trajectory. The guidance commands are close to
zero after 20s, so no further course correction is required. However the only thing this
controller can change is the direction of the actuator forces and moments by changing
apark, it does not have the capability yet to switch off the actuator. As shown in figure
4-7, the PGK angle is extremely noisy from 20s until impact, this results in a noisy
actuator force and moment. That’s why the second switching law is added, the guidance
threshold G, which switches the actuator off when the trajectory is within a certain
margin of a new ideal trajectory.

Guidance threshold G.

‘/'y*
AV}
frar (x(t),apgr) for all other situations.

< G,

lFal _ 0 if t < tg, or (4-4)

M,

A same sort of analysis is done on the guidance threshold G.. When the guidance signals
are too small, i.e. the current trajectory is within the boundaries of G., the controller
will shut off the actuator. This is described in equation (5-1) by switching condition

A‘/*
Yy
‘sz* < Ge.

350

miss distance [m]

-t -t N \] w
o a o (&)} o
o o o o o
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o
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Figure 4-8: G. sensitivity analysis

As to be expected the addition of the guidance threshold switching criterium does not
increase performance when looking at the final miss distance. However it should elim-
inate the excessive changes in apgr. A threshold value G. = 2m/s is chosen as a
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compromise, this eliminates the undesired changes in the PGK angle, without increas-
ing the miss distance too much. Figure 4-9 shows that the PGK ring is not excessively
rotated. However figures 4-9b, and 4-9c show that the actuator is switched on and off
multiple times per second, which is undesirable and unrealistic. There are no dynamics
in the actuator model, but as the PGK ring is freely spinning when switched ’off” the
’on’ switching is not instant. Therefore the downtime switching constraint is added as
the third and last of the switching criteria.
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Actuator downtime ¢,

To avoid excessive on and off switching of the actuator a downtime t; is introduced.
When the actuator is switched off, at ¢ = t,¢f, the actuator cannot be switched on
before t = t,r; +tq. Just as the guidance threshold this constraint will not decrease the
miss distance, but this will more accurately describe reality. As the delivery error should
not increase too much, an analysis is done showing the effect of t; on miss distance.

F, 0 if t < t., or AVJ<G rt<torr+t
[]\4{1] _ ¢y O AV; cy O of f ds (4_5)
“ frax(xz(t),apck) for all other situations.
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Figure 4-10: t; sensitivity analysis

As can be seen from figure 4-10 any downtime smaller than 10s doesn’t significantly
change the miss distance. A downtime of t; = 5s is chosen to have a safety margin on
both sides. This results in the trajectory, forces, moments, guidance signals and PGK
angle as displayed in figure 4-11
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Figure 4-11: t; = 5s
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Tuning for a depressed trajectory

The switching controller is tuned for a specific trajectory, and these settings will be used
in chapter 5, however they might not be optimal for other trajectories. To give insight
into the optimality of the settings, a shorter, more depressed trajectory is used. This
nominal trajectory has an initial condition

T
Ty = {uo vo wo Po qo To TE, YE, ZE, %o 0o 1/10}
T
= [330m/s 0 0 800/s 0 0 0 0 0 0 25° 0],

and a final position of [xg yg zg] = [7352 78 0] m. An offset of +1° in initial pitch and

yaw angle is used to perform the controller tuning following the same steps as before.
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Figure 4-12: switching parameters analyses for depressed trajectory

The analyses are based on the plots shown in figure 4-12. The controller starting time,
t., should be below 10s and is set to 5s to have some safety margins. The miss distance

D. Mutters
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4-1 Switching controller 53

increases twice as fast with the guidance threshold, G, which is therefore set at 1m/s.
Increasing the downtime, t; also causes the miss distance to increase, so it’s set to 1s.
These settings result in the following trajectory, forces, moments, guidance signals and
PGK angle as displayed in figure 4-13.

If for this trajectory the previous tuning is used, where the controller starting time is
t. = 10s, the guidance threshold G. = 2m/s, and the downtime ¢4 = 5s. The trajectory,
forces, moments, guidance signals and PGK angle are different as displayed in figure
4-14. From the PGK force and moment plots it can be seen that these settings are
less suitable for these kind of trajectories. Which can be explained by the shorter flight
time. When the controller starts at 10s more than a third of the depressed trajectory
has passed, leaving less time for course correction. Not changing the downtime has the
same effect.

Even though the tuning in the second case is far from optimal, the miss distance is still
decreased from 232m to 65m, however the specific tuning results in a miss distance of
28m. Therefore a tuning for every nominal trajectory, or a class of nominal trajectories
is advised. To derive such a tuning schedule requires a too large effort to include in this
report. The tuning for the first nominal trajectory, t. = 10s, G, = 2m/s, and tq = 5s is
used for simulations in the following chapter.
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4-2 Model predictive control

Model Predictive Control (MPC) is, as the name says, a control method that uses a
model of the system to predict the system states into the future, depending on the
control inputs. These control inputs are optimized to obtain desired predicted states.
MPC is carried out in the time domain, and uses a discrete state-space model, also called
plant, to describe the system, which will generally look like

x(k+1) = Az(k) + Bu(k)
y(k) = Cx(k) + Du(k)

Where £ denotes the discrete time, x(k) the state vector, u(k) the control input vector,
y(k) the measured output vector, and A, B, C, and D matrices specifying the static and
dynamic behavior of the plant model.

An MPC controller is implemented by solving an optimization program, such as 4-6 [35].
As can be seen one of the benefits of MPC is that constraints can be added. In the case
of guided projectiles the constraints will for example guarantee stability, and the cost
function will optimize the control actions given these constraints.

rrhin J(k, Np, Nm, .%'(k), .’i'k, uk)
subject to

Z(k+1) = Az(k) + Bu(k)
Giup < ¢

Gaug, < g2

"stability constraints"

Where J(k, Ny, Ny, x(k), 2k, ug) is the cost function, Z, the predicted plant states, and
uy, the control outputs. The subscript k£ is the instant at which these sequences are
computed. The plant states are predicted a number of steps into the future, until the

prediction horizon, and the control inputs are calculated until the control horizon and
look like this:

& = (2(k + 1|k), 2(k + 2|k), ..., 2(k + Nplk)) (4-7)
up = (u(klk), u(k + 1|k), ..., u(k + Ny, — 1|k)) (4-8)

where N, is the prediction horizon and NN, the control horizon. As shown in figure 4-15,
the control horizon or input horizon is the number of future optimal control actions taken
into account when calculating the current optimal control, and the prediction horizon or
output horizon is the number of predicted outputs taken into account. When N,, < N,
the input at the control horizon is taken constant for all predicted outputs until the
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past , future

%dicted outputs y(t+klt)
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m

t+N,

. input horizon

output horizon

>

Figure 4-15: Model Predictive Control Scheme

Source: [36]

prediction horizon.
Depending on the optimization algorithm used (linear programming, quadratic program-
ming, etc.) the form of the cost function J may differ.

The following basic MPC algorithm [36] shows how the optimization program 4-6 is
used:

—_

) Get the new state z(k)

) Solve the optimization program 4-6
)

)

\V)

3 (4-9)

4

Apply u(k)
k<« k+1. Gotol)

Even though the control actions until the control horizon are calculated, only the current
action u(k) is applied to the plant. The remaining optimal control inputs are not used
as inputs and a new optimal control problem is solved at all future time steps.

To show the MPC structure designed in this section a simple test-case is used. Finally
a first step is made to apply this method to provide course correction for the projectile
using the PGK.

4-2-1 Pendulum
A frictionless pendulum is used as test-case, where m is the mass of the bob, [ the
length of the weightless rod, g the gravitational constant, 8 the angle of he pendulum,

and 7, the torque at the rotating point as control action. The pendulum is controlled
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in the downward position, cause this is a stable equilibrium. This resembles the true
objective, the projectile control. The projectile is also stable along the trajectory because
of the high spin rate. This example is noiseless, and unconstrained which results in an
optimization problem that can be solved analytically.

Figure 4-16: pendulum schematic

The dynamics of the pendulum model as in figure 4-16 are as follows

160 +mglsinf = 7 (4-10)

where

I=ml® x1=0, z0=0, u=r (4-11)
this results in nonlinear system description f(x,u), which will be used for simulation.
. I T2 }
= flz,u) = [$2‘| N Lmlﬂ (u — mglsin xl)] (4-12)

A linear model is needed since linear MPC is used for controlling the system. The linear
model is obtained by small angle approximation, sin f = 6, substituting this in equation
(4-12) results in

i = l L 1 . (4-13)
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In state-space representation, assuming the pendulum angle # can be measured directly,
this will be

& = Az + Bu (4-14)
y = Cx + Du, (4-15)
with
0 1 0
A=| 9 |, B=1]1], C:p @, D=0
A _
l mi?

MPC structure

The MPC structure is based on the TU Delft DCSC lecture notes on MPC [37]. As a
control model, and as base for the prediction model, the state space representation of
the pendulum dynamics as described in equation (4-14) are used.

The cost function J, which the MPC will minimize by optimizing the future inputs, is
based on the performance signal z.

N—
}: (k + j|k)z(k + j]k) (4-16)

The predictions of a signal over horizon N are denoted with a tilde. So with the predic-
tions of the performance signal Z(k), and the prediction of the control inputs o (k)

2(k|k) u(kl|k)

} z(k + 1]k) 3 u(k + 1|k)

Z(k) = : ) o(k) = : (4-17)
2(k+ N —1]k) u(k + N —1]k)

the cost function can be written as

J(0,k) = 2T (k)z(k) (4-18)

The performance signal z(k) is constructed to track a reference signal, but also includes
a control penalty to avoid excessive control action.

= [P [y [

0
RY/2y, (k) 0 [R1/2‘| u(k)  (4-19)
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where Q and R are weights.

z(k) = Cox(k) + Dagr(k) + Dasu(k) (4-20)
where
—01/2 1/2
Cy = l © C] . Dp= [QO ] . Dy= lR?ﬂ] (4-21)

The signal z(k) can be split in two parts, one part influenced by the control inputs, and
a part that is unaffected by the control input. The second part is called the free-response
signal, zo(k)[37]. And z(k) = 2z9(k) when the control input is set to zero (for instance
after the control horizon):

z(k) = zo(k) + Dasgu(k) (4-22)
Zo(k‘) = CQCC(]{?) + DQQ’I“(]{?) (4—23)
So the predictions Z(k) are
2(k) = zo(k) + Dagv(k) 4-24
50(]{7) = ~2:L‘(/{7) + DQQ’F(]{I) 4—25)
with
i 02 _D22 0 . 0 0 ]
C2A 0 D22 e 0 0
Cy = CrA? ; Doy =1 0 0 : S
: : . Doy 0
_CZAN_l i 0 e 0 D22_
Dos 0 e 0 0 ]
C>B Dos ... 0 0
Doz = | CAB;  (C3Bs3 :
: Do3 0
_CQANiQBg ... (3B;3 D23_

This makes the cost function to minimize J(9,k))
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J(0, k) = 27 (k)2(k) (4-26)

= (2 (k) + 5" (k) D) (20(k) + Dasi(k)) (4-27)
= o7 (k) D13 Dot (k) 4 207 (k) D33 20 (k) + 28 (k) Z0 (k) (4-28)
choose
H =2DLDs3,  f(k)=2DLz k),  c(k) =zl (k)2 (k) (4-29)
then
J(0,k) = o7 (k) Ho (k) + 207 (k) f (k) + (k) (4-30)

minimizing J (v, k) can be done by setting the gradient of J to zero:

for invertible H the solution is
o(k) = —H £ (k) (4-32)
= —(D33D43) "' D3370(k) (4-33)
= —(b%bgg)_lb%(égx(k) + DQQ’F(]{)) (4—34)

This vector v(k) contains all future control inputs the MPC has determined on timestep
k, the first control action v(k|k) of vector ©(k) is selected and applied to the system.
According to the receding horizon principle a new vector ¥ is calculated at the next
timestep k£ + 1 with the horizon also moved one timestep.

o(klk) = [T 0 ... 0|d(k) = E,i(k) (4-35)

so finally the control signal at time k is

v(klk) = Eyo(k) (4-36)
= —BE,(D1,D23) " DI (Cox (k) + Dagi(k)) (4-37)
= —Fu(k) + D, (k) (4-38)

where
F = Ey(D33D93) "' D33Cs (4-39)
D, = —(D33Dq3) " D33 D99 (4-40)
E,=[I 0 ... 0| (4-41)
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Simulations

The nonlinear simulations are started with pendulum the pendulum at an angle of
6 = 10°, and the angular velocity § = 0°/s. The reference is set to the stable position
of r =0°.

simulation settings

sampling time dt | 0.01s
initial state xo [10 O}T °,°/s
reference r | 0°
gravitational acceleration | g | 9.81 m/s?
length l 0.3 m
mass m | 0.2 kg
MPC settings ‘ ‘

sampling time dt | 0.01s
prediction horizon N | 100
reference tracking weights | @ | 1

control penalty weight R | 0.1

In figure 4-17 the controlled state, control inputs and delta reference are plotted. As

can be seen the controller is able to set the pendulum in the desired, stable, position
0=r=0°
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Figure 4-17: MPC stabilizing pendulum at 8 = 0 degrees

To show how the receding horizon principle works a look at the predicted control inputs
and state over the prediction horizon. Figure 4-18 shows how the predictions from
discrete time k to k + N change for increasing k. Only the current control action is
applied, before a new optimization is done according to the receding horizon principle.
So when all first elements of these predictions are plotted over time this will by definition

result in figure 4-17.
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Figure 4-18: MPC predictions from discrete times k to k + N

The controller is also able to stabilize the pendulum at another angle, where the system
is not stable, for example at r = —10° as can be seen in figure 4-19. Contrary to the
previous example, when the pendulum was stabilized at an equilibrium point, these plots
show a steady state error, and a non-zero steady state control input. This steady state
error is not caused by a mismatch between the nonlinear simulation model and the linear
control model. This can be seen from the predictions § and ¢ in figures 4-19e and 4-19d.
These figures show the predictions, based on the linear control model, and they also
show a steady state error. The steady state error is caused by the mismatch in control
objectives, minimizing the control action, and minimizing the error, these cannot both
be fulfilled. An optimum is found between the size of the steady state error and the
control input based on tuning weights () and R. Increasing R, the control penalty, the
steady state control input will decrease, but this will increase the steady state error.
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4-2 Model predictive control
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4-2-2 PGK

The same MPC structure can be used to provide course correction by controlling the
PGK actuator. However there are some fundamental differences caused by the lineariza-
tion of both the projectile and the actuator model. As previously stated in chapter 2 the
linearization of these models results in them describing the deviation dynamics rather
than directly deriving the current state.

So control model will be

dz = Adx + Bdu (4-42)
dy = Cdx + Ddu, (4-43)

with A the linearized projectile model from equation (2-30), B the linearized actuator
1 000
0100
Positioning System (GPS) measurements, and D = 0.

model from equation (2-40), C' = ] as they can be derived from the Global

The Guidance as described in chapter 3 is used as the reference signal for this controller
to track. As the guidance signals are already delta velocities, they can directly be used
in this linearized MPC structure. The result of this controller will be an incremental
control action du with respect to the ug around which is linearized. The control action
used for simulation is therefore u = ug + du.

This MPC framework can be seen as a foundation for course correction by the PGK
actuator, but needs further elaboration as is suggested in the recommendations in chap-
ter 6.

4-3 Conclusion

In this chapter the empirical switching mode controller is described. A sensitivity analy-
sis on the switching parameters t., the controller starting time, G, the guidance thresh-
old, and t4 the controller downtime in between switches, is performed, resulting in the
following controller.

lFa] _Jo if t <t or Agy* < G, or t < tors +ta,
M - z
“ frar(x(t),apgr) for all other situations.

te = 10s, G. = 2m/s, and tq = 5s.

with F,, and M, the actuator forces and moments, AVy”jZ the guidance commands,
tofs the last time at which the controller is switched off, fpgi the nonlinear actuator
model as described in section 2-2-2, x(t) the state at time ¢, and apgx the angle of the
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PGK ring. This tuning is specific to one nominal trajectory and it is shown that it still
provides course correction without causing instability for a depressed trajectory, however
the performance could be improved by changing the tuning for different trajectories.

Master of Science Thesis D. Mutters



68

Control

D. Mutters

Master of Science Thesis



Chapter 5

Simulations

The Precision Guidance Kit (PGK) and switching controller are simulated on four dif-
ferent nominal trajectories using the models as described in chapter 2. The switching
controller designed in chapter 4 is tested on four different nominal trajectories. For
each trajectory 100 simulations are performed with random offsets, as in a Monte-Carlo
simulation, for which the controller will provide course correction to end up as close
as possible to the target. These offsets are applied to the initial pitch angle 6y, yaw
angle 1, and initial velocity Vg and are uniformly distributed. The offset is uniformly
distributed between —1° and 1° for the pitch and yaw angle, and between —5m/s and
5m/s for the initial velocity.

The two main parameters that determine a nominal trajectory are the initial velocity
and pitch angle, so these are varied, resulting in four different nominal trajectories.

e trajectory 1: high velocity, high pitch angle
e trajectory 2: high velocity, low pitch angle
e trajectory 3: low velocity, high pitch angle

e trajectory 4: low velocity, low pitch angle

The initial state is shown for each scenario, and the resulting nominal trajectory. The
impact point of the nominal trajectory is used as the target for the trajectories with
the offsets on the initial state. As the impact point is per definition at zg = 0, the zg
coordinates of impact points are omitted from the analysis. Therefore the miss distance,
or delivery error, €, is
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x| _ xE(timpact) . CTz )
Ly] N [yE(timpact)] [TJ ’ (5-1)

where (2, y)E(timpact) are the  and y coordinates in the Earth reference frame at the
time of impact, and T} , the target coordinates in the same reference frame.

For each trajectory the miss distances of the impact points for the uncontrolled and
controlled trajectories are analyzed. The Circular Error Probable (CEP) is a common
measure for accuracy of weapon systems, it is defined as the radius of the circle in which
50% of the projectiles are expected to land. This circle is centered on the mean of all the
impact points, which does not have to be the target point. The deviation of the mean
impact point and the target, the so called bias, is therefore added to the analysis.

5-1 trajectory 1: high velocity, high pitch angle
The initial state of the first nominal trajectory is

T
xo = [UD vo Wo Po qo To TE, YE, Z2E, %o 0o %]

T
= [700m/s 0 0 1200/s 0 0 0 0 0 0 45° 5]

resulting in the nominal trajectory as shown in figure 5-1, with final coordinates g (timpact),
and YE (timpact) .

$E(timpact) | T | |23785m
yE(timpact) N Ty | 2738m
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Figure 5-1: nominal trajectory 1
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Figure 5-2: miss distance trajectory 1

The miss distances of the 100 simulations are plotted in figure 5-2. As can be seen
from the figure the PGK combined with the switching mode controller greatly reduces
the spread of impact points. Even though the offset in initial conditions is uniformly
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distributed, it can be seen that the uncontrolled impact points are not. These have
a larger spread in €,, approximately between —400m and 400m, than in e,, which is
approximately between —250m and 250m. This can be explained by the initial pitch
angle of the nominal trajectory, which is 8y = 45°. This is the optimal pitch angle for
long trajectories, any increase or decrease in pitch angle will shorten the trajectory only
slightly. So the main cause of €, is the offset of the initial velocity, which is shown to
have less of an effect on the impact point in the range direction than an offset in yaw
angle has in the cross-range direction.

A more zoomed in plot of the controlled miss distances is shown in figure 5-3. As can
be seen the spread of the impact points of the controlled trajectories are slightly oval,
with a larger spread in the range direction. This has to be caused by the PGK since
the spread of the uncontrolled impact points is larger in the cross-range direction. This
will be discussed further for the next trajectories, where spread of the controlled miss
distances is more clearly oval shaped.

40 F
® target

30+ X without PGK
PGK with controller

20

10 -

€ [m]

10t

-30

-40’\ 1 1

e, [m]

Figure 5-3: miss distance trajectory 1 close up

The average distance is listed in table 5-1, as well as the CEP and the bias. The average
miss distance is reduced by 96%, and the CEP is reduced by 98%.

Table 5-1: simulations results trajectory 1

‘uncontrolled controlled

average miss distance [m] | 257 10
CEP [m] 264 6
bias [m] 3.8 -8.1)T [1.0 -5.2]T
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5-2 trajectory 2: high velocity, low pitch angle

The initial state of the second nominal trajectory is
T
Ty = [Uo vo wo Po qo To TE, YE, ZE, %o 0o %}

T
= [700m/s 0 0 1200/s 0 0 0 0 0 0 25° 5]

resulting in the nominal trajectory as shown in figure 5-4, with final coordinates and

target

mE(ti777417acl€) _ Tz _ 19481m
yE(timpact) Ty 1945m | °
3 15
— 2
g 10
=< 1
1 x [km]
0 o
y [km]

Figure 5-4: nominal trajectory 2
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Figure 5-5: miss distance trajectory 2

The miss distances of the 100 simulations are plotted in figure 5-5. As can be seen from
the figure the PGK combined with the switching mode controller also reduces the spread
of impact points for this trajectory with lower initial pitch angle. The figure shows also
that the spread in impact points from the controlled trajectories are not shaped like a
circle. ¢, is harder to control to zero than €,. This is not caused by a low Jacobian
elements in the guidance as can be seen in figure 5-6. This plot shows that the impact
point in range direction could be corrected by manipulating AV, up to the end of the
trajectory. So the miss distance and its distribution is caused by the controller.
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Figure 5-6: Jacobian elements nominal trajectory
The average miss distance is listed in table 5-2, as well as the CEP and the bias. The
average miss distance is reduced by 92%, and the CEP is reduced by 93%.
Table 5-2: simulations results trajectory 2

‘ uncontrolled controlled

average miss distance [m] | 274 22
CEP [m] 270 18
bias [m] [-15 3.2]T [-3.9 -0.1]7
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5-3 trajectory 3: low velocity, high pitch angle

The initial state of the third nominal trajectory is

T
xo = [UO vo Wo Po qo To TE, YE, Z2E, %o 0o 1/)0]

~ [330m/s 0 0 800/s 0 0 0 0 0 0 45° 0]

resulting in the nominal trajectory as shown in figure 5-7, with final coordinates and

target

JI‘E(timpact) _ T, . 9275m
yE(timpact) Ty 229m | -

h [km]

Figure 5-7: nominal trajectory 3
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Figure 5-8: miss distance trajectory 3

The miss distances of the 100 simulations are plotted in figure 5-8. As can be seen from
the figure the PGK combined with the switching mode controller also reduces the spread
of impact points for a trajectory with lower initial velocity. The mean miss distance is
listed in table 5-3, as well as the CEP and the bias. The average miss distance is reduced
by 92%, and the CEP is reduced by 92%.

Table 5-3: simulations results trajectory 3

‘uncontrolled controlled

mean miss distance [m] | 144 12
CEP [m] 154 12
bias [m] [-8.2 9.6]7 [-2.4 -0.7T
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5-4 trajectory 4: low velocity, low pitch angle
The initial state of the fourth nominal trajectory is

T
xo = [UO vo Wo Po qo To TE, YE, Z2E, %o 0o 1/)0]

T
~ [330m/s 0 0 800/s 0 0 0 0 0 0 25° 0]

resulting in the nominal trajectory as shown in figure 5-9, with final coordinates and
target

xE(timpact) _ T, - 7352m
YE (timpact) Ty 8m |’

h [km]
cooo
o ohhO®

y [km

Figure 5-9: nominal trajectory 4
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Figure 5-10: miss distance trajectory 4

The miss distances of the 100 simulations are plotted in figure 5-10. As can be seen
from the figure the PGK combined with the switching mode controller also reduces the
spread of impact points for trajectories with a lower initial velocity and pitch angle. The
mean miss distance is listed in table 5-4, as well as the CEP and the bias. The average
miss distance is reduced by 72%, and the CEP is reduced by 70%. As can be seen in the
figure and the table this shorter and flatter trajectory is harder to control. The CEP
is still lower than the goal of 50m, but the relative improvements in miss distance and
CEP for this trajectory are the lowest of these four scenarios. The nominal trajectory of
this scenario varies the most from the trajectory on which the controller tuning is based.
As previously stated in section the performance could be improved by tuning for each
nominal trajectory. This simulation is repeated using the controller tuning specific for
this trajectory as found in section 4-1-3. This miss distance for the simulations with the
new tuning is shown in figure 5-11. The mean miss distance, CEP and bias are listed
in table 5-4 along with a new uncontrolled set, which is not equal to the first one, since
other random seeds are used. As can be seen the controlled miss distances are decreased
using this specific tuning, the average miss distance is reduced by 91% and the CEP by
92% with respect to the uncontrolled case. By using specific tuning an extra decrease of
20 percentage points in average miss distance and CEP is achieved. However the specific
tuning does not change the spread of the miss distance, which remains oval shaped.
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Figure 5-11: miss distance trajectory 4 with specific tuning
Table 5-4: simulations results trajectory 4
trolled with
uncontrolled controlled | uncontrolled 2“0 ¢¢ W
specific tuning
mean miss distance [m] | 149 41 143 13
CEP [m] 144 43 143 12
bias [m] [5.6 3.5]7 (0.0 -0.3]T | [-10.8 6.8]T [1.6 0.2]7

5-5 conclusion

In this chapter Monte-Carlo simulations of the PGK and the switching controller are
performed. This is done for four different nominal trajectories, varying in velocity and
pitch angle since these are the parameters with the largest influence on the trajectory.
For each simulation the initial velocity, pitch angle and yaw angle have a random offset,
for which the controller and actuator combination successfully compensates. It is shown
that the CEP is reduced to less than 50m, therefore the controller meets the design
criteria stated in section 1-2. The reduction in average miss distance and CEP are
relatively smaller for shorter and flatter trajectories. For trajectories with an even lower
velocity and/or pitch angle the PGK and switching controller designed in this thesis
might not be able to result in a CEP less than 50m. It is shown that specific tuning for
a set of launch conditions increases performance using a shorter and depressed trajectory
as an example. The controller provides more adequate control in cross-range direction
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than in range direction, however both remain within the desired boundaries as specified
by the design criteria.
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Chapter 6

Conclusions

The projectile dynamics are formulated as a nonlinear 6Degrees of Freedom (DoF') non-
rolling body frame model, and a nonlinear model is constructed for the Precision Guid-
ance Kit (PGK) actuator. Both these models are linearized for computational efficiency
and to be used in linear control applications. The principles of the Jacobian guidance
are explained. The mathematical derivation of the guidance signals are included. These
signals are desired changes in normal body velocities AV,',, and function as a reference
to be tracked by a controller. To demonstrate the capabilities of the guidance, two sim-
ple proportional actuators are used, one providing only forces, and one only moments.
These actuators are combined with a proportional controller. This combination results
in a decrease of delivery errors by at least 95% for initial offsets in pitch and yaw angles
of 1°.

While the actuator and controller are to be changed for more realistic ones in the next
chapter, the guidance is as described in this chapter. So any increase in delivery error
can be attributed to the actuator and controller. The switching mode controller is de-
scribed. A sensitivity analysis on the switching parameters t., the controller starting
time, G., the guidance threshold, and t; the controller downtime in between switches,
is performed, resulting in an empirically tuned switching controller. This tuning is spe-
cific to one nominal trajectory and it is shown that it still provides course correction
without causing instability for a depressed trajectory, however the performance could
be improved by changing the tuning for different trajectories. Monte-Carlo simulations
of the PGK and the switching controller are performed. This is done for four different
nominal trajectories, varying in velocity and pitch angle since these are the parameters
with the largest influence on the trajectory. For each simulation the initial velocity, pitch
angle and yaw angle have a uniformly distributed random offset, for which the controller
and actuator combination successfully compensates. It is shown that the Circular Error
Probable (CEP) is reduced to less than 50m, therefore the controller meets the design
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criteria. The reduction in average miss distance and CEP are relatively smaller for
shorter and flatter trajectories, since the controller is not tuned specifically for such a
trajectory. It is shown that specific tuning for a specific launch conditions increases per-
formance, using a shorter and depressed trajectory as an example. The controller results
in higher miss distances in range direction than in cross-range direction, however both
remain within the desired boundaries as specified by the design criteria. The switching
controller has easy to tune settings. It calculates the PGK angle, apgx continuously,
and uses state-dependent switching to turn the actuator on or off. Even though the
design might be simple, the combination between this controller, the actuator model,
and the guidance algorithm decreases the average miss distance and CEP by 90%.

As the guidance algorithm in combination with an ideal, proportional actuator decreases
the average miss distance by 95%, there is only a 5 percentage point drop in performance
caused by the switching controller in combination with the PGK. As the PGK actuator
is not ideal, it accounts for a part of this reduction in performance which cannot be
solved by using different control methods. Still the selection of other, more sophisticated,
controllers might further increase the performance, however small, if this is desired.

6-1 Recommendations

The first recommendation is to complete the Model Predictive Control (MPC) controller.
Although the linear projectile model and the linear model for the PGK will decrease the
computational requirements, it looks like the actuator’s behavior is too nonlinear. With
a small enough time step a linear model should closely resemble the nonlinear model so
it should be able to work, but the computational benefits will disappear too. Therefore
it is recommended to consider a nonlinear MPC for the control of the PGK.

Other nonlinear control approaches could also be used to control the PGK actuator
more efficiently. For example nonlinear dynamic inversion, this control strategy is used
mostly in aircraft control and has proven to be an easy and robust option for controlling
nonlinear systems.

Stability of the switching mode controller is shown in simulation, but this should be
proven theoretically as well. This is left out of the scope of this report, but is recom-
mended for further research.

The PGK model is simplified and assumed to be static, for a given projectile state and
angle of the PGK ring the actuator forces and moments are calculated. In reality the
angle cannot be set directly, a torque caused by the brake in the actuator will slow
the spin rate of the ring and allows it to be set in at a certain angle. This step is
recommended to resemble reality more closely. It will however complicate the actuator
model, and provides an extra (highly nonlinear) challenge for the controller. One of
the problems that will rise are the actuator forces and moments that will disturb the

D. Mutters Master of Science Thesis



6-1 Recommendations 85

trajectory when the actuator ring is despun, or when the brake is released and the ring
will start to spin because of the anti-roll canards.

In this thesis the guidance is benchmarked with an ideal proportional actuator resulting
in miss distances within 1m, so it is safe to say that the error caused by the guidance
is small. But the remaining delivery error will be partly caused by the controller and
partly by the actuator. If the largest part is caused by limitations of the actuator even an
ideal controller only provides a slight performance increase. This is advised to analyze
for further research.

The switching mode controller is tuned for a specific case, resulting in a controller that
provides course correction succesfully for the four different scenario’s tested in this thesis.
However it is shown that the performance can be improved by tuning the controller for
each launch. Another recommendation is to do this by scheduling controller settings for
sets of launch conditions. For example actuation can start earlier on the trajectory if
the initial velocity is lower, since the vibration caused by the launch will be dampened
earlier as well. The downtime of the controller might also be adjusted according to the
distance to the target. In practice this would provide no additional action, since the
target coordinates are loaded into the PGK pre-launch, so the controller tuning could
be adjusted automatically based on the target information.

The inaccuracy of the GPS and angle measurements used by the guidance is not taken
into account. The navigation, or state estimation is assumed to be perfect. This is left
out of the scope of this report, however this should be included to complete this control
engineering problem.
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Appendix A

Jacobian linearization

The Linear Parameter Varying (LPV) based linear projectile model derived in chapter
2 is linearized around the nominal trajectory. So this model describes the deviations
around the nominal trajectory and not the projectile dynamics directly. In equations
(2-30 - 2-36) the Jacobian matrix that describes the deviation dynamics is shown. In
this Appendix the derivation will be shown in more detail, based on [38].

A-1 Deviation dynamics

Linearization around a trajectoy is done in the following way. The general idea is to
make a Taylor expansion around a known solution so let (xp,up) denote a solution
to & = f(x,u) and concider another known solution. And consider another solution
(@(t), u(t)) = (z0 + 0y o + bu):

&(t) = f(zo + 0z, u0 + 6u) (A-1)
= f($OaUO) + %({EO/MO)&&? + %(x07u0)5u + O(H(Sm 5u|’2)a (A'Q)

so the deviation dynamics are

. 0 0
Op = Ki(xo, UO)(SI + %(l‘o,uO)(su + O(H(S;B, 5uH) (A—3)
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Jacobian linearization

For small deviations (d,,d,) this results in

02(t) = A(t)d:(t) + B(t)du(t)

of
A®) = 55 |a(t) = 2(t)
u(t) = a(t)

of
Bl = Fulewt) = 20)
u(t) = a(t)

Note that in contrast to linearization around an equilibrium, matrices A, and B are time

dependent when linearizing along the trajectory.

A-2 Jacobian Linearization of projectile model

o0 00 00 o0
ov Ow 0dq Or
ou o ou o
_|0v Ow 09q Or
A= 100 0i g 0 (A0
ov OJw Jdq Or
or or o o
LOov Ow dq Or
. 1
v=—-Vor+—Y (A-8)
m
_ v pod w
Y = — — B T A_
QS (CNOC‘/’O + ‘/0 C?JP V> ( 9)
o 1
—=—(—q o A-1
5o = () ascw (A-10)
ov 1 _ p()d
ov _ , Pty o A-11
Ow (m%)qs(‘/O)Cyp (A-11)
00
s A-12
So=0 (A-12)
00
— = A-1
or Vo (A-13)
. 1
w=Voq+ —2 (A-14)
m
_ s w _pd, v ]
Z =—qS (C’NQVO Vo Cgpan) + mgcos 6 (A-15)
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ow 1 _ pod
a0 = () (55 ) € S
ow 1\ _
o = <mVo> 7SCna (A-17)
881: =V (A-18)
881: =0 (A-19)
= —I;Z}Impgr + IﬁlM (A-20)
_ w pod v d
M = may, npay, m A-21
8(1 -1 qu <P0d>
— =1 — noa A-22
v WV, \ W Chp ( )
0q _1q5d
0 =y Cma (A-23)
dq qSd
% =1 7 Cma (A-24)
a4 _
aig = _Iyy Lapo (A-25)
# = Iy Loopoq + 1y N (A-26)
_asd(—c, b _pdy w
N =gSd ( Cmavo 7 Cnpav VbC,m") (A-27)
or 195d
90 = —1,, 7 Cma (A-28)
or 1qu pod
50 = ~n'"y, () O -2
g; - Iﬁl[zxp[) (A—30)
(97" qu
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Jacobian linearization

Resulting in:

where
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List of Acronyms

3mE Mechanical, Maritime and Materials Engineering
DCSC Delft Center for Systems and Control

TU Delft Delft University of Technology

DUT Delft University of Technology
TNO the Netherlands organization for applied scientific research
MPC Model Predictive Control

PGK Precision Guidance Kit

CCF Course Correction Fuze

GNC Guidance Navigation and Control
DoF Degrees of Freedom

CEP Circular Error Probable

GPS Global Positioning System

LPV Linear Parameter Varying

PID Proportional-Integral-Derivative
ISL Institute of Saint Louis

EoM Equations of Motion

RMSE Root-Mean-Square Error
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CFD Computational Fluid Dynamics
WS Weapon Systems
DSS Defence Safety and Security

List of Symbols

! Angle of attack [rad|

o The angle of incidence [rad]

apPGK Angle of the PGK ring [rad]

6] Angle of sideslip [rad]

0z(t) Small deviation of state at time t [—]

dapax Increment of the angle of the PGK ring [rad]

dapax Small deviation of the angle of the PGK ring [rad]

ACR Deviation of the impact point in cross-range direction [m]
AR Deviation of the impact point in range direction [m)]
AVyy.o Deviation in velocity in x,y,z direction [m/s]

AVy, Desired deviation in velocity in y,z direction, also guidance signals [m/s]
0,0, Euler angles for roll, pitch and yaw [rad]

€ Miss distance, or delivery error [m]

q Dynamic pressure [Pal]

z(t) Nominal state at time t [—]

Mach number [—]

o

5, Dos, Dos Prediction matrices

0 Prediction of control input

7 Prediction of measurement signal

z Prediction of performance signal
Ay Specific force [m/s?]

Cy Aerodynamic coefficients [—]

Ca0,42 Aerodynamic drag force coefficient
Clp,mg.nr Damping moment coefficients

Cha Aerodynamic overturning moment coefficient
Cna Aerodynamic normal force coefficient
Crpa Magnus moment coefficient

Cypa Magnus force coefficient

d Diameter of the projectile [m?]
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Sampling time

Actuator force [N]

Aerodynamic force acting on the projectile body [N]
Actuator force in fin frame [Nm)]

Gravity [N]

Magnus force [N]

Force components [N]

Gravitational acceleration

Guidance threshold [m/s]

Inertia matrix

Cost function

Control gains [—]

Discrete time

Reference length of the fins [m]

Mass [kg]

Actuator moment [Nm]

Moment caused by aerodynamics on the projectile body [Nm]
Damping moment [Nm]

Actuator moment in fin frame [Nm]

Magnus moment [Nm]

Mx, My, Mz Moment components [Nm)|

N
b, q,T

Prediction horizon

Angular velocity vector components [rad)/s]
Reference tracking weight

Control penalty weight

Reference at time k

Aerodynamic reference surface of the projectile [m2]
Reference surface of the fins [m?]

Time [s]

Sampling time [s]

Controller starting time [s]

Downtime of the controller [s]

Time at impact [s]

Time at which the controller is switched off [s]
Target position x and y [m/s]

Velocity vector components [m/s]

Total velocity [m/s]

Control input at time k
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Glossary

(1)
TE,YE, 2E
z

A, B,C,D
frak

D. Mutters

State at time t [—]
Position components in earth frame [m)]

Performance signal

State space matrices

Nonlinear actuator model

Master of Science Thesis



	Front Matter
	Cover Page
	Title Page
	Signatures
	Table of Contents
	List of Figures
	List of Tables
	Preface

	Main Matter
	Introduction
	Literature study
	Models
	Control techniques
	Conclusion

	Problem description
	Thesis outline

	Model
	Projectile model
	Inertial reference frame
	Body frame
	Non-rolling body frame
	Nominal trajectory

	Actuator model
	Actuator description
	Nonlinear actuator model

	Linearization
	Linear projectile model
	Validation of linearized projectile model
	Linearized actuator model

	Conclusion

	Guidance
	Jacobian guidance
	Guidance example
	Conclusion

	Control
	Switching controller
	Impact point analysis
	Controlling the PGK angle
	Switching criteria

	Model predictive control
	Pendulum
	PGK

	Conclusion

	Simulations
	trajectory 1: high velocity, high pitch angle
	trajectory 2: high velocity, low pitch angle
	trajectory 3: low velocity, high pitch angle
	trajectory 4: low velocity, low pitch angle
	conclusion

	Conclusions
	Recommendations


	Appendices
	Jacobian linearization
	Deviation dynamics
	Jacobian Linearization of projectile model


	Back Matter
	Bibliography
	Glossary
	List of Acronyms
	List of Symbols



