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Abstract

This thesis report is focused on the design of a guidance and control system that is able to
minimize the deviation from the desired impact point for a firing range of 1 kilometer, given
a 30mm spinning gun-launched projectile with a novel actuator design. This actuator is fixed
on the projectile and offers a single force that can only be switched on or off.

In order to test the effectiveness of the guidance, navigation and control (GNC) system, an ac-
curate model for both the projectile and the proposed actuator are constructed. These models
will serve as a substitute for testing with working prototypes. The model for the projectile
dynamics is constructed based on existing nonlinear six degrees of freedom (6-DOF) rigid-
body models that are widely-used and validated. A new, simplified second order model that
approximates the dynamics of the actuator, based on available measurements, is constructed.

The overall structure of the GNC loop is defined, with the guidance method of choice being
the pre-calculation of a reference trajectory towards the intended target. This method serves
to alleviate under-actuation and computation time problems. One of the most important
contributions of the thesis is made with the description of a method for transforming the
input from a single binary input signal towards two continuous virtual input forces. This
method uses a discretization of the rolling motion of the projectile, such that an optimization
can be done which results in a transformation from the binary on/off signal to two virtual force
inputs. These two virtual force represent the steering forces in the directions perpendicular
to the forwards motion that would have the same effect as the binary on/off signal if directly
applied on the projectile.

The restructuring of the input allows for the use of PD-controllers to track the pre-defined
trajectory. Using a grid-search method, the controller gains are found that best satisfy the
design goal of minimizing the dispersion, which is defined by the sum of the mean error and
the standard deviation of the impact points.

Analysis of the integrated solution shows that the proposed solution with the input trans-
formation and the PD-controller is able to significantly reduce the projectile dispersion from
standard deviations of about 50 cm to just a few cm. The exact performance depends on the
frequency of the actuator and the spin rate of the projectile. The best performance is reached
with high spin rates and actuator frequencies high enough to match these spin rates.
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Chapter 1

Introduction

This chapter will give insights into the background of this thesis work. First a general in-
troduction to the subject material is given, followed by a more in-depth explanation of the
research goal and a further outline of the methodology and structure of the report.

1-1 General introduction

Since the conception of ranged munitions, effort has been put towards increasing their range
and accuracy. In more specific terms: the goal has always been to improve the effective range;
the range at which you are still able to accurately hit a target while also having an impact
force strong enough to neutralize it. Over centuries, the need for increased effective range has
led to the creation of many innovations in projectiles. New weapon systems as well as new
types of ammunition followed.

1-1-1 Stabilization

In order to increase accuracy, especially at longer ranges, projectiles and missiles need to be
stable. Stable in the sense that they will not flip over during flight. Flipping over increases the
drag force and causes the projectile to be diverted in an unpredictable way, thus negatively
impacting the performance. A common way to stabilize missiles and large projectiles is by
adding fins to the body. This technique of fin-stabilization moves the center of pressure for
the aerodynamic forces to the aft of the projectile body’s center of mass (COM). This means
that the increase of the angle of attack in a certain direction induces a moment in the opposite
direction, thus making the missile inherently aerodynamically stable as shown in Figure 1-1.
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2 Introduction

Figure 1-1: On the left an aerodynamically unstable projectile and on the right an aerodynamically
stable projectile. In red the aerodynamic forces working at the center of pressure and in blue the
projectile center of mass

Smaller gun-launched ammunition are more commonly spin-stabilized instead of fin-stabilized.
This means that in order to provide stability to the inherently unstable projectiles, the pro-
jectile is spun around it’s axis to provide a gyroscopic stabilizing effect during flight. The
bullet is spun using helical grooves in the inner surface of a gun barrel, called rifling. Figure
1-2 gives an example of these grooves. The resulting spinning effect provides the stability and
therefore accuracy for most gun launched projectiles.

Figure 1-2: Rifling of a 105 mm Royal Ordnance L7 tank gun (2005). Retrieved from
https://en.wikipedia.org/wiki/Rifling

1-1-2 Guided weapons

With stable projectiles, the effective range increases. However, with increasing firing range
external effects such as wind, barrel-whip and powder charge variations will begin to cause
non-negligible deviations from the desired projectile flight path. In addition, deviations caused
by small aiming errors become more pronounced at larger distances. This loss of accuracy for
longer ranges has led to the development of guided munitions starting in the last century. This
field is commonly referred to as guidance, navigation and control (GNC). Developing smart,
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1-1 General introduction 3

guided projectiles would provide the ability to actively correct the flight trajectory; leading
to better performance, lower ammunition spending and potentially less collateral damage.

Initially, the main focus was on the development of guided missiles. Extensive amounts of
research and money has been invested towards developing new classes of guided weaponry,
radio-controlled and laser-guided missile applications among those. The advancements in
the field of smart missile systems were numerous and fast, while at the same time, similar
developments for guided projectiles were lacking. Most missiles were fin-stabilized, which
made it easy to directly control the direction of motion by manipulating the fins. High costs
and unreliability have mostly prevented the use of similar guidance systems for smaller gun
launched projectiles on the battlefield.

With the increasingly more available, cheaper and smaller sensors such as magnetometers and
GPS, as well as the advances in computers being smaller and faster, in the last decades research
on the control of projectiles has started to pick up. Many different control mechanisms have
been developed, mostly involving the use small fins, which can be manipulated to change
the attitude of the projectile. Using fins has a few downsides. The biggest one is that the
resulting projectiles will be sub-caliber, meaning that the actual diameter of the projectile
is smaller than diameter of the barrel on the launch mechanism. This means that launch
mechanisms will be larger, heavier and more expensive. Furthermore, fins are very visible
on enemy radar, increasing the risk for the soldiers using these weapon systems. Therefore
research is needed to develop control strategies that are preferably without the use of fins.

1-1-3 Novel Actuator design

One of the companies currently working on guided projectiles is TNO. The Weapon Systems
department at TNO has started the Innovative Projectile Control (IPC) project, which aims to
offer a smart, low-cost solution for GNC of medium caliber projectiles. Medium caliber rounds
are for example 30mm diameter rounds. The 30mm caliber is a specific size of autocannon
ammunition, commonly used as anti-materiel or armor-piercing round. It is particularly
effective against armored vehicles, as well as fortified positions. The 30mm caliber size includes
the NATO standard 30x113mm rounds, most notably used in the M230 chain gun found on
different types of attack helicopters such as the Apache. Another NATO standard size,
30x173mm rounds, are for example used in the Dutch Close-In Weapon System, Goalkeeper.
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4 Introduction

Figure 1-3: 30mm automatic Boeing M230 chain gun (2011). Retrieved from
http://flickriver.com/photos/ah_kit/5772054279/

The research at TNO has so far been focused on developing a novel actuation system in order
to apply control to medium caliber non-spinning projectiles. Specifically, a prototype for an
actuation system without fins was developed. This prototype is capable of delivering a force
perpendicular to the forward projectile motion as shown in Figure 1-4. The specifics of the
actuator are discussed further in Chapter 2.

Figure 1-4: Schematic representation of the actuator force perpendicular to the forward motion

The current prototype is capable of stabilizing and controlling the angle of attack (AOA)
for a non-spinning projectile. However, spinning projectiles are the norm in the current
industry for these types of diameters. The use of non-spinning projectiles or fin-actuated
projectiles would bring a need for investment and development in the launch mechanisms
for these ammunition, making the cost of implementation very high. The desire is therefore
to investigate the possibilities of this novel non-fin actuation solution for implementation in
spinning projectiles of similar caliber size. If the actuator can be used to offer reasonable
control to spinning projectiles, the system can be integrated with existing weapon systems
and will effectively turn the conventional munitions into modern ’smart’ munitions.

The remaining open issue is the design of GNC strategy for implementing this actuator in
spinning projectiles. This thesis will therefore focus on developing a guidance and control
strategy for the proposed actuated projectile in order to analyze the effectiveness, capabilities
and feasibility of the actuator.
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1-2 Problem statement 5

1-2 Problem statement

The problem statement that will be central to this thesis report is given as follows:

Given a medium-sized caliber spinning gun-launched projectile with an actuator developed by
TNO, design a guidance and control system that is able to minimize the deviation from the

desired impact point for a firing range of 1 kilometer.

In order to further clarify this statement some of the keywords mentioned can be explored as
to their meaning and their justification:

• Medium-sized: With medium-sized, diameters in the range from 20 − 60 mm are
taken. These particular size projectiles are still large enough to fit actuating and sensor
mechanisms inside and used in quantities small enough to justify the increased cost for
a single projectile. For this thesis, specifically the diameter of 30mm is used, as the
current prototype has been developed for a projectile of this size.

• Gun-launched projectile: Only projectiles without forward thrust during flight are
taken into account. The projectile’s only forward acceleration is during it’s launch from
the gun nozzle. Systems with forward acceleration during flight, such as missiles, are
excluded for the sake of this research.

• Impact point: The impact point is the point at which the projectile collides with the
ground or target. Specifically for this research, the impact point will be defined as the
point where the projectile has travelled 1 kilometer downrange.

• Firing range: The firing range of 1 kilometer is chosen because medium caliber pro-
jectiles are often used up to ranges close to this. Short trajectories are excluded from
investigation because the need for control is lower and the ability to offer meaningful
control deviations is low because of the limited time. Longer range trajectories are
also excluded for the sake of this research to avoid dealing with the transition from
supersonic to subsonic flight.

1-2-1 Complexities

There are a few areas that offer the biggest challenges that make this particular type of
projectile and actuator combination difficult to control. The main complicating factor is the
high spin rates. The projectile spin rates are in the order of 103 rotations per second. This
results in a few problems:

• The spinning motion, which helps to stabilize the projectile, resists the directional
control. The actuator will be used to introduce an angle of attack, but the spinning
motion will try to dampen this.

• In addition to resisting the control force in a single direction, the high spin rates makes
it so that the dynamics for the pitching and yawing motion are coupled. This means
that direction of the actuator force is not the same as the direction of the resulting
motion response. Thus the equations of motion become highly nonlinear.
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6 Introduction

• Another problem that arises from the high spin rate is the need for fast reaction times
in the control. As the actuator is fixed on the projectile, the ability to offer directional
control is dependent on the reaction time of the actuator. With higher spin-rates, faster
reaction times are needed.

Other complexities can be found that arise from the actuator design. The actuator is fixed
on the projectile and offers a single force that can only be switched on or off. This offers more
problems for the guidance and control design:

• The system is underactuated. The control objective is to minimize the deviation from
the desired impact point. This is a point in three-dimensional space. Therefore we have
a single actuator for the control of three degrees of freedom.

• The on/off control input results in an inability to directly use proportional control
methods.

• The binary nature of the actuator also makes it so that the direction of control is
dependent on the orientation of the projectile. Bringing a need for very accurate roll-
orientation sensors and estimation strategies.

A final complicating factor is found in the lack of forward thrust. This means that as a result
of steering the projectile the range will decrease. However, this is problem is small for the
type of projectiles and firing ranges that are considered. Thus, no further attention will be
placed on this topic.

1-3 Thesis overview and methodology

In order to provide a structured approach, for the purpose of this thesis the subject will be
split into the following chapters:

Chapter 2: Projectile and Actuator Modeling

In order to eventually test the effectiveness of the guidance and control an accurate model for
both the projectile and the proposed actuator must be constructed. These models will serve
as a substitute for testing with working prototypes.

The projectile model will be based on existing models for projectile simulations, because these
models are widely-used and validated. Therefore most attention will be placed on highlighting
the areas specific to the projectile model for this thesis.

The actuator model cannot be based on established models. The proposed actuator is new
and therefore requires the construction of a model. This thesis will focus on the design of a
simplified model that can approximate the dynamics of the actuator based on measurements
that are available from the prototype. A simplified model is chosen in order to avoid complex
in-depth aerodynamic analyses, as the focus of this thesis is the control strategy.
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1-3 Thesis overview and methodology 7

Chapter 3: Guidance and Control structure

In this chapter, the structure of the GNC loop is defined. A description of the general
structure is given followed by a quick note on the "Navigation" part in GNC. Thereafter, the
guidance method is chosen based on a few of it’s merits in comparison with other methods.

The most important part of the chapter focuses on the design of a method for transforming
the control input from a single, binary input signal that defines the actuator state to two
continuous virtual input forces. This method of transformation is explained in detail and
serves to alleviate some of the problems that arise from the use of a single binary input for
the control of multiple degrees of freedom.

Chapter 4: Controller

With the (re)structuring of the GNC loop in chapter 3 done, this chapter aims to offer a
controller to be used in this loop. A case for the use of a PD-controller is made. The chapter
will discuss how the controller is tuned and the results of the system will be analyzed.

Chapter 5: Integrated System Results

An analysis of the integration of the designed controller with the designed input transforma-
tion and the proposed actuator is done. The main focus is on the evaluation of the overall
system performance. In addition, the influence of the actuator frequency as well as the spin
rate is discussed.

Conclusion

The thesis report will end with a conclusion. This chapter will discuss the most important
findings and contributions made in this thesis. Additionally a discussion of the applicability
of the results and recommendations on further research are made.
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Chapter 2

Projectile and Actuator Modeling

In order to eventually test the effectiveness of a guidance and control design, an accurate
model of the projectile and the actuator must be created. These models will serve as a
substitute for real-world testing. Therefore the models must be accurate enough to represent
the dynamics of the system. This chapter will focus on the description of such a model for
the projectile dynamics as well as the development of a model for the actuator dynamics.

2-1 Projectile Model

The system that has to be modeled is a 30mm diameter, symmetrical, spin-stabilized projectile
flying under atmospheric conditions. Given a set of initial conditions, which include the initial
velocity, spin rate, orientation and position, the projectile will follow a trajectory describing
the evolution of these states. The acceleration and spin-up during launch is not modeled.
Instead, the model starts with initial conditions representing the projectile states at the time
where the projectile exits the gun muzzle.
The projectile model that is used in this thesis is based on existing and well-established
nonlinear six degrees of freedom (6-DOF) rigid-body models for projectiles. These types of
models offer a more accurate representation of the actual dynamics when compared to 3-DOF
point-mass models or 4-DOF modified point-mass models, according to McCoy [1]. This is
necessary because using a lower degree model would result in significant errors, especially
in the calculation of the position. An accurate simulation of the position is very important
as it ultimately describes the impact point, which is used in the calculation of the miss
distance. The miss distance is the most important point in the simulation as it is used in the
specification of the performance of the overall system.

2-1-1 Coordinate systems and projectile states

In order to describe the entire model, first, the states of the projectile have to be defined
along with the reference frames that are to be used to describe these states in. The following
states will be defined:

Master of Science Thesis L.J.N. van der Geest



10 Projectile and Actuator Modeling

• Position: x, y and z describe the position of the projectile.

• Orientation: φ, θ and ψ describe the orientation of the projectile.

• Velocity: u, v and w describe the velocity of the projectile.

• Angular velocity: p, q and r describe the angular velocity of the projectile.

The position is described in an inertial coordinate system, defined as in Figure 2-1. The
inertial right-handed coordinate reference frame is defined with it’s origin located at the
gun nozzle. The x coordinate describes the distance the projectile travelled downrange, the y
coordinate describes the distance travelled perpendicular to the downrange distance and the z
coordinate describes the height of the projectile, with z positive in the downwards direction.
The positive direction of z defined as downwards is commonplace in existing literature on
projectile control and attitude estimation. Therefore, this thesis will stick to that convention.

Figure 2-1: Projectile coordinate definition [2]

In addition to the inertial reference frame, a body-fixed reference frame is defined with the
origin located at the center of mass (COM) of the projectile. This frame is important for
the calculation of the aerodynamic moments and forces. These forces and moments in the
body-fixed frame are used to calculate (angular) accelerations and velocities, which are then
transformed using rotation matrices to the inertial frame in order to update the position.
The rotation from the inertial frame to the body-fixed frame is described by the yaw-pitch-
roll (YPR) Euler angle sequence (ψ, θ, φ) as in Figure 2-2.
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2-1 Projectile Model 11

Figure 2-2: Earth-fixed and body-fixed systems and the Euler angle rotation [3]

In the case of this thesis, a non-rolling body-fixed frame is used. This means that the body-
fixed frame doesn’t rotate along with the rolling motion about the x-axis. Therefore, for the
sake of the rotation matrices, roll angle φ = 0. However, the value of φ is still updated as a
state.

In this non-rolling body-fixed reference frame, the velocity components in body-x, y and z
directions are given as u, v and w. The angular velocities of the projectile about these body-x,
y and z axes are given by roll rate p, pitching rate q and yawing rate r respectively.

The trajectories that will be modelled are very flat. This means that the projectile is launched
at very small inclines (low initial pitching angle θ). Furthermore the angle of attack (AOA)
will stay close to zero during the flight, which also means that the yawing and pitching angles
ψ and θ will be close to zero.

2-1-2 Nonlinear 6-DOF Rigid-Body Model

Using the definitions for the coordinate system and the states, the equations of motion can
be defined. These equations of motion are widespread and can be found in studies done by
Gkritzapis et al. [4] and Hainz and Costello [2]. These equations of motion are found in
Equation 2-1 to 2-4.
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12 Projectile and Actuator Modeling

ẋẏ
ż

 =

cos θ cosψ − sinψ sin θ cosψ
cos θ sinψ cosψ sin θ sinψ
− sin θ 0 cos θ


uv
w

 (2-1)

φ̇θ̇
ψ̇

 =

1 0 tan θ
0 1 0
0 0 1/ cos θ


pq
r

 (2-2)

u̇v̇
ẇ

 = 1
m

FxFy
Fz

−
 0 −r q
r 0 r tan θ
−q −r tan θ 0


uv
w

 (2-3)

ṗq̇
ṙ

 = [I]−1


Mx

My

Mz

−
 0 −r q
r 0 r tan θ
−q −r tan θ 0

 [I]

pq
r


 (2-4)

Equation 2-1 describes the evolution of the position using the velocities defined in the non-
rolling body-fixed frame and a rotation matrix. Equation 2-2 does the same for the orientation
using the angular rates from the same body frame. Equation 2-3 and 2-4 describe the evolution
of the velocities and the angular rates in the body frame using the forces and moments that
act on the projectile. These forces and moments are defined in Equation 2-5 and Equation
2-6.

FxFy
Fz

 = −1
2ρV

2A


CX0 + CX2

(
v2+w2

V 2

)
CNα( vV )−

(
pd
2V

)
CYpα (wV )

CNα(wV ) +
(
pd
2V

)
CYpα ( vV )

+mg

− sin θ
0

cos θ

+ Fa (2-5)

Mx

My

Mz

 = 1
2ρV

2Ad


(
pd
2V

)
Clp

CMα(wV ) +
(
qd
2V

)
CMq +

(
pd
2V

)
CNpα ( vV )

−CMα( vV ) +
(
rd
2V

)
CMq +

(
pd
2V

)
CNpα (wV )

+Ma (2-6)

where:

ρ = density of air

V =
√
u2 + v2 + w2 = total velocity

A = cross-sectional area
g = gravitational constant

1
2ρV

2 = dynamic pressure

CX0 , CX2 , CNα , CYpα , Clp , CMα , CMq , CNpα = aerodynamic coefficients
Fa = actuator force
Ma = actuator moment

The actuator force Fa and moment Ma will be discussed further in Section 2-2.
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2-1-3 Aerodynamic Coefficients

The aerodynamic coefficients that are used to describe the aerodynamic forces and mo-
ments are specific to the projectile. They can usually be found empirically from windtunnel
tests. Alternatively, they can be calculated by doing numerical analyses as are common in
computational fluid dynamics (CFD) but they should be validated with experiments as nu-
merical methods usually introduce slight inaccuracies. The aerodynamic coefficients used in
this thesis are the following:

CX0 : zero yaw axial force coefficient
CX2 : yaw axial force coefficient
CNα : normal force coefficient
CYpα : Magnus force coefficient
Clp : spin damping moment coefficient.
CMα : overturning moment coefficient
CNpα : Magnus moment coefficient

Important to note here is that the coefficients CNα , CYpα , CMα , CMq and CNpα are equal in
the y- and z-direction, because the projectile under consideration is symmetric.

In order to find the aerodynamic coefficients for the projectile in this thesis, the software
package PRODAS (V2) by Arrow Tech was used. The projectile dimensions and materials
were used to model the projectile in this software package. Using a combination of CFD
data and empirical data from a large number of projectiles, PRODAS is able to predict
the aerodynamic coefficients for Mach ranges from Mach 0 to Mach 8. The aerodynamic
coefficients used in this report are therefore found by interpolating from tabulated PRODAS
output data using the projectile velocity and the speed of sound to calculate the Mach number.
Table B-1, with all the aerodynamic coefficients, is found in Appendix B.

2-1-4 Uncontrolled trajectory simulation

Using the model that has just been defined in Section 2-1-2, simulations can be done to show
the model output. The initial conditions are used:

x0 = 0 m ψ0 = 0 rad u0 = 1000 m/s p0 = 6000 rad/s
y0 = 0 m θ0 = 0.0089 rad v0 = 0 m/s q0 = 0 rad/s
z0 = 0 m φ0 = 0 rad w0 = 0 m/s r0 = 0 rad/s

The most important initial conditions are the varying ones: θ0, ψ0 and p0. The initial condition
of u0 = 1000 m/s will be standard in this thesis as well as the other zero initial conditions.
The spin rate p0 = 6000 rad/s will be varied later on in order to investigate the influence
on the actuator design criteria, the initial pitching and yawing angle will be varied as they
represent the firing angle. For the simulations given in Figure 2-3, the pitching angle θ0 is
chosen such that the impact point at x = 1000 will be at height zero.
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Figure 2-3: Simulation results for uncontrolled firing

From the simulation results in Figure 2-3, it can be seen that the projectile is diverted to the
right during the flight. This is a result of the Magnus forces and the influence of the spinning
effect. The position is also plotted in 3D in Figure 2-4 in order to show this effect.
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Figure 2-4: 3D plot of simulation result for an uncontrolled firing

These results are generated without any actuator input and just serve to highlight the general
evolution of all of the projectile states.

2-2 Actuator modeling

As explained in Chapter 1, the actuator is capable of generating a force perpendicular to the
forward motion. This is achieved by utilizing the stagnation point pressure. Using a ram-air
intake at the tip of the projectile, the actuator is able to take in the incoming air at the
stagnation point, which can then be diverted to an outlet on one of the sides. The difference
between the high stagnation pressure at the tip and the pressure at the outlet of the divert
channel results in a directional force. This force can then be toggled on or off by opening
or closing the outlet. Figure 2-5 shows a schematic representation of this actuator system,
integrated in the projectile.

Master of Science Thesis L.J.N. van der Geest



16 Projectile and Actuator Modeling

Figure 2-5: A schematic representation of the actuator

2-2-1 Actuator force magnitude

The stagnation point pressure can be approximated using the Bernouilli’s equation [5] for
inviscid, incompressible flows:

p+ 1
2ρV

2 = const (2-7)

Which, for the pressure at the stagnation point with Vstagnation = 0, amounts to

pstagnation = 1
2ρV

2 + pstatic (2-8)

with:
1
2ρV

2 = dynamic pressure

ρ = density of air
V = velocity of the projectile

This means that the generated force will be velocity-dependent, because it depends on the
velocity-dependent stagnation point pressure. However the equations given above are not valid
for the projectile as shock waves arise in this case. That means that the actual stagnation
point pressure is lower, due to entropy production in the shock wave . The exact equations
for this case can be found as for example on the NASA website [6].

The precise magnitude of the force can be calculated by doing an extensive analysis with the
stagnation point pressure and the interaction between all of the different flows. For this thesis
however, a simplified model of the actual force component, perpendicular to the velocity, will
be used. Creating a highly accurate aerodynamic model is outside the scope of this research
and for the proof of concept, a simplified model will suffice.

From an approximation of the stagnation point pressure with the Bernouilli equation, it can
be estimated that the force will grow as roughly a quadratic function of the velocity. This
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2-2 Actuator modeling 17

follows from the fact that the force is largely dependent on the difference between pstagnation
and poutlet, which will grow mostly depending due to the quadratic influence of the velocity in
pstagnation. Therefore measurements of the generated force for different velocities can be used
in order to fit a simple second order model. The measurements, which are given in Table 2-1,
have been collected using a prototype of the actuator and projectile system.

Mach Force (N)
1.5 1.8
2.0 3.0
2.5 5.0
3.0 7.2

Table 2-1: Measured actuator force for different Mach numbers

The measurements are done by applying pressures at the intakes that simulate the stagnation
point pressures that correlate to the given Mach numbers. The resulting force perpendicular
to the forward motion is then measured and tabulated. Only a few data points were available
for Mach numbers ranging from 1.5 to 3.0. As the typical velocity of the projectile is at most
1 km/s ≈ Mach 3, this should cover the range of relevant Mach numbers.

Now the quadratic polynomial in Equation 2-9 can be fitted to the measurements.

fa(M) = a1M
2 + a2M + a3 (2-9)

where

M = Mach number

Using a least-squares fit the resulting coefficients a1, a2 and a3 can be found:

a1 = 1.00
a2 = −0.86
a3 = 0.81

The final model for the actuator force as a function of the velocity is given in Equation 2-10.

fa(V ) = 1.00
(
V

c

)2
− 0.86V

c
+ 0.81 (2-10)

with

c = speed of sound

Figure 2-6 shows a plot of the measurements and the model of the actuator force as a function
of the Mach number.
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18 Projectile and Actuator Modeling

Figure 2-6: Actuator force magnitude model

2-2-2 Actuator force direction

Now that a model for the magnitude of the actuator force has been established, attention
must be placed on the direction of the force. As the actuator is fixed to the projectile, the
direction of the force is dependent on the Euler angles φ, θ and ψ. Since θ ≈ 0 and ψ ≈ 0, the
influence of these angles is negligible. Therefore the actuator force and the actuator moment
can be described in the coordinate system defined in Chapter 2 as in Equation 2-11 and
Equation 2-12 respectively.

Fa =

FaxFay
Faz

 = fa(V )

 0
− sinφ
cosφ

u (2-11)

Ma =

Max

May

Maz

 = Fa(V )×

 l0
0

 = fa(V )l

 0
− cosφ
− sinφ

u (2-12)

where

u ⊂ {0, 1} = input
l = distance between the COM and actuator

The actuator is now described by a single input u. This is a binary input describing the
state of the actuator. The state is either 1 or 0, for on and off respectively. Describing the
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input in this way is a simplification of reality. In reality, the actual manipulable variable is
a voltage over an inductor. This inductor is part of a relais that is used to open or close the
actuator outlet. The actuator state then switches between closed or open. The state u is then
representing this state.

In actuality, this signal u can take values between 1 and 0, instead of being limited to just 1
and 0. However, the switch between an open and closed outlet is done in a time in the order
of 10−5 s. Furthermore, the system cannot be put in a reliable intermediary state. Therefore
the assumption is made that u only takes the values 0 and 1 for the remainder of the thesis.

The selection of the actuator state as the manipulable variable also means that the influence
of any time delays that are present between the actual voltage input and the actuator state
are excluded. The use of an inductor would introduce a delay between the Voltage input and
the state of the actuator. Therefore, for the sake of the thesis this factor is excluded and the
binary state u is taken as the direct control input.
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Chapter 3

Guidance and Control structure

In this chapter, the structure of the guidance, navigation and control (GNC) loop will be
analyzed. The specific problems for the GNC loop for this thesis will be highlighted. The
guidance strategy that deals with some of these problems will be discussed.
Thereafter, a transformation of input will be made. The optimization problem that is solved
to make this transformation is outlined. This transformation serves to eliminate some of the
complexities that are present in the design process for the controller and is one of the main
contributions of this thesis.
The chapter will conclude with an overview of the overall structure that leaves only the design
of the controller to be discussed in Chapter 4.

3-1 GNC overview

As stated in Chapter 1, the goal of the thesis is the design of the guidance and control structure
in order to minimize the deviation from the desired impact point. The general structure of
the GNC systems that deal with these problems can be seen in Figure 3-1. Guidance refers
to the determination of the preferred trajectory for the states to follow. The control issue
deals with the manipulation of the control inputs in order to achieve the required performance
based on the guidance commands. Navigation handles the measurement and estimation of
the system states, such that guidance and control are made possible.

Guidance Controller Systemu

Navigation

r y

states

Figure 3-1: Guidance, Navigation and Control loop
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22 Guidance and Control structure

3-1-1 A note on navigation

The specific focus of this thesis is place on guidance and control. The navigation part of the
systems is also very important. Without proper design of sensors and estimation strategies,
guidance and control are impossible. For fast spinning projectiles, this problem is especially
pronounced.

Research on the topic of estimation is common. Research done on the use of different sensors
for projectiles is available. Zhu et al. [7] and Rogers and Costello [8] describe the use of
magnetometers as well as infrared sensors [9] for attitude estimation. Harkins and Hepner
[10,11] have also investigated the use of optical sensors for roll rate measurements.

The research for different estimation techniques is also readily available. Especially the
Extended Kalman Filter (EKF) is studied in great detail for this task. Changey et al. [12],
Rogers and Costello [3,8,9], Allik et al. [13] and Maley [14] offer research on the combination
of different sensors with an EKF for state estimation, specifically for projectiles.

Because the research is already widely available and in order to limit the scope of the research,
the assumption is made that perfect information on the projectile states is available. This
assumption, which will be used for the remainder of the thesis, allows for a focus on the
guidance and control part. This part of the equation is more interesting as the guidance and
control strategy for this particular projectile and actuator combination differs from the design
for other systems. The navigation strategies for different projectiles will all be very similar
and can thus be based on the available research.

3-1-2 Guidance

The guidance of the projectile refers to the calculation of the preferred trajectory for the
projectile to follow. In this case, the guidance commands should provide a trajectory that
satisfies the objective of minimizing the deviation from the desired impact point. This impact
point is defined at a point 1 km downrange of the firing of the projectile in the inertial
reference frame from Section 2-1-1. The guidance commands should thus provide a trajectory
that steers the projectile from it’s launch point towards this desired impact point.

The launch point is fixed in the inertial reference frame at (x0, y0, z0) = (0, 0, 0). The desired
impact point is defined as (xd, yx, zd) = (1000, 0, 0) in the inertial reference frame. The
projectile is fired with initial velocity u0 = 1000 m/s. Using this information and the projectile
model defined in Chapter 2, the required initial pitch and yaw angle can be found, such that
the nominal, undisturbed trajectory will end in the desired impact point. An example can be
seen in Figure 3-2.
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Figure 3-2: Pre-launc calculated undisturbed trajectory

This calculation of nominal undisturbed trajectories from launch point to impact point can be
done before launching and saved as the reference trajectory. The goal of the controller is then
to track this sequence of desired x, y and z coordinates. This guidance method with pre-launch
trajectory calculation has a few distinct advantages when compared to other methods:

• A pre-launch calculation of the trajectory serves to eliminate a significant amount of
computation time during flight. For this high velocity, high spin rate projectile, this is
especially important. This makes this method preferred when compared to other guid-
ance strategies using impact point prediction (IPP) based on a form of model predictive
control (MPC) using the projectile model.

• The guidance commands automatically take into account the uncontrolled trajectory
of the projectile. Other guidance strategies, such as proportional navigation guid-
ance (PNG) [15], usually try to drive the line-of-sight angular rate between target and
projectile to zero. This poses problems when the projectile has no forward thrust and
sideslip as is the case for this projectile, which can be seen in Chapter 2.

Using the pre-launch calculated trajectory, the control problem transfers to the tracking of
two degrees of freedom. This is achieved by using the current value of x to interpolate the
desired values for y and z from the calculated trajectory. The implementation of this strategy
can be seen in Figure 3-3.
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Trajectory Controller Systemu

Sensor

r epos states

y, z

−

x states

Figure 3-3: Overall guidance and control loop

This implementation can be thought of as serving to achieve one or both of two overall goals
for the weapon system. On the one hand, the strategy can be used to calculate the desired
initial firing angle defined by initial values for yaw ψ and pitch θ along with the nominal
trajectory that follows from that. Essentially this is the planning of the desired aim and
trajectory.

On the other hand, given a known initial firing angle, the system calculates the reference
trajectory to follow such that the projectile actually arrives at the place where the system
is aiming. This refers more to the reduction of the dispersion that results from various
disturbances.

3-2 Actuator Transformation

With the guidance method specified in Section 3-1-2, the goal for the controller is following
reference signals for the y and z coordinates by manipulating the input signal u. Using the
formula for the actuator force in Equation 2-11, it can be seen that the signal u influences
only the actuator forces in y and z direction. Therefore the actuator force can be restated as
in Equation 3-1.

Fa =
[
Fay
Faz

]
= fa(V )

[
− sinφ
cosφ

]
u (3-1)

The x direction is uncontrollable, but the choice of guidance strategy has also eliminated the
need for controlling the x coordinate, so this is not a problem. However, there is still the
issue of controlling the errors in the other directions with the single input u.

In order to solve this problem, a transformation will be made towards two virtual inputs that
are more intuitively related to the y and z directions in which will be controlled, namely the
actuator forces in these directions: Fay and Faz. The forces are defined in the non-rolling
body-fixed reference frame. The errors in the position are defined in the inertial frame.
However, because the yaw and pitch angles are very small, the assumption is made that these
directions are equal.

A transformation strategy will be outlined that makes the use of these virtual inputs as
control inputs possible. The transformation, schematically shown in Figure 3-4, will calculate
the actual input signal u, such that the effect on the projectile is equivalent to directly applying
virtual inputs Fay and Faz.
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Transformation
Fay, Faz u

Figure 3-4: Transformation block

In order to transform the the Fay and Faz signals into a single input u, this input must
therefore describe both the magnitude and the direction of the actuator force. As u only
takes values 0 and 1, the magnitude and direction cannot come from the variation of the
value of u. Instead, the manipulation occurs by using a specific timing for the opening and
closing actions of the actuator.

The direction of the force is influenced by an uncontrollable roll angle φ. By choosing to open
or close the actuator only at certain values of φ, the direction can be influenced. By having
the actuator open and close for varying amounts of time, the magnitude can also be varied.
The solution for these timing problems can be restated as an optimization problem which will
follow in the rest of the chapter.

3-2-1 Rolling motion discretization

The rolling motion of the projectile is described by the roll angle φ as defined in Chapter 2.
Because the actuator is fixed to the projectile, the roll angle that describes the direction of
the actuator force is the same angle φ. In order to make the transformation from the binary
input signal u, this rolling motion is separated in roll cycles from 0 to 2π.

Figure 3-5: Actuator discretization of a single roll cycle, as seen from behind

The roll cycles from 0 to 2π can be split into discrete data points described by k = 1 to k = n,
as shown in Figure 3-5. The signal u consists of n data points u1, u2 . . . un that describes the
signal during such a single roll cycle for each value of k.

3-2-2 Optimization problem

If a full signal u can be calculated such that the effective result of this input signal is equal
to directly applying forces Fay and Faz on the projectile, the transformation to these virtual
inputs can be made. Using the definition of the actuator force as in Equation 3-1 and the
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discretization from Section 3-2-1, the problem now becomes the optimization problem given
in Equation 3-2.

min
u1...un

∥∥∥∥∥
[
Fay
Faz

]
− Fres(u)

∥∥∥∥∥
2

(3-2)

s.t.
u1, u2, . . . , un ⊂ {0, 1}

The force Fres(u) is defined as in Equation 3-3.

Fres(u) = fa(V )
n

[
− sin(0)
cos(0)

]
u1 + fa(V )

n

[
− sin(2π

n )
cos(2π

n )

]
u2 + · · ·+ fa(V )

n

− sin
(

(n−1)2π
n

)
cos

(
(n−1)2π

n

) un
(3-3)

This force Fres(u) is the resultant force found from combining the n different actuator forces
at each of the n different data points of a single roll. The resultant force Fres can only reach
magnitudes up to 2

2πfa(V ), which follows from the following observations:

• If the force was in the right direction during the entire roll cycle, the resultant force can
be as high as the actuator magnitude:

fa(V )

• The actual maximum magnitude in a single direction is reached by activating the ac-
tuator during only the desired half of the roll. The maximum average magnitude in a
single direction is then is given by:

fa(V )
2π

(∫ π

0
sinφdφ+

∫ 2π

π
0dφ

)
= 2

2πfa(V ) (3-4)

3-2-3 Input constraints

There are extra limitations that need to be placed on the input signal u. As discussed in
Section 2-2, the possible values between 0 and 1 and the time delay resulting from the use
of an inductor are not taken into account for this thesis. However, there is a significant
limitation on the time between opening and closing. The maximum reaction time of the
actuator determines the minimum time the actuator has to stay open when opened or close
when closed. Therefore not all input signals u1, u2, . . . , un will be feasible.

The minimal period of the actuator and the value of u within that period, schematically
shown in Figure 3-6, are defined by two values: minimum period length Tmin and minimum
time opened topen. This also implicitly specifies the minimum time closed tclosed.
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3-2 Actuator Transformation 27

Figure 3-6: Minimal actuator period. The dotted red line represents a more realistic cycle and
the solid line represents the model using the assumption of binary values.

As a rule of thumb, the minimum time open is chosen as 0.4Tmin for the remainder of the the-
sis. This value follows from observations made on actuator tests with the existing prototype.
Using this value, the complete structure of the actuator period is defined by the minimum
period length Tmin and thus by the maximum actuator frequency fmax:

Tmin = 1
fmax

topen = 0.4
fmax

tclosed = 0.6
fmax

Therefore the optimization should only offer a result that is consistent with these timings.
These timings can be converted into discrete steps of the roll cycle:

• The duration of a single timestep is defined by the total number of steps n and the
current spin rate p(t):

∆t = 2π
p(t)n

• The minimum amount of consecutive steps the actuator needs to stay open is then
defined:

∆kopen =
⌈
topen
∆t

⌉
(3-5)
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For an example using n = 5, p(t) = 2π and f = 1:

Tmin = 1
f

= 1

∆t = 2π
p(t)n = 0.2

∆kopen =
⌈0.4Tmin

∆t

⌉
= 2

∆kclosed =
⌈0.6Tmin

∆t

⌉
= 3

Then the only feasible signals u are:
u1
u2
u3
u4
u5

 =


0
0
0
0
0

 ,


1
1
0
0
0

 ,


0
1
1
0
0

 ,


0
0
1
1
0

 ,


0
0
0
1
1

 or


1
0
0
0
1


This immediately shows one of the shortcomings of an optimization over a single roll cycle.
If the actuator frequency is too low to fit a minimum period in a single roll cycle, the only
feasible signal will be a zero-signal. In reality, it is also possible to generate a directional force
when spreading the signal over two or more roll cycles.

The minimum amount of roll cycles needed to fit the minimum period Tmin is dependent on
the maximum actuator frequency f and the current roll rate p(t). This minimum amount is
given by

Nmin =
⌈
p(t)
2πf

⌉
(3-6)

The current prototype is capable of actuating at a frequency of 400 Hz and the roll rates are
about 6000 rad/s, the minimum required roll cycles for the optimization is

Nmin =
⌈ 6000

800π

⌉
= 3 (3-7)

For combinations that are more favorable and that can be fitted within a single roll cycles,
signals that are spread over multiple roll cycles are also possible. In order to have the opti-
mization consider all these possibilities, the optimization will be done over a 6 roll window.
As multiples of 1,2 and 3 can fit within this amount.

Although there is now a possibility of mapping an actuator signal that requires the time of 3
full roll cycles, the maximum magnitude of the force that can be reached with this signal is
lower. Where the maximum force for mapping on a single roll cycles was given in Equation
3-2-2 as 2

2πfa(V ), the maximum directional actuator force when requiring a larger amount of
roll cycles N for a single actuator period is given by:

2
2πN fa(V ) (3-8)
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3-3 Implementation

All possible periodic signals for mappings over 1, 2 or 3 roll cycles are generated and used to
calculate the corresponding average actuator force Fres(u). The resulting force that minimizes

∥∥∥∥∥
[
Fay
Faz

]
− Fres(u)

∥∥∥∥∥
2

is found and the signal u that generates this forces is chosen as the actuator input. The
current required actuator state is found by interpolating with the optimization result using
the current roll angle φ. This process is repeated every 0.01s. This amount is chosen because
with roll rates in the order of 5000-6000 rad/s, the time of a single roll is in the order of
1e−3 s. This way, at least a full 6 roll optimization sequence fits within the time before the
next input update. Additionally, a choice for a smaller time between updates will increase
the computational load.

An example of the approximation of forces in y and z directions is given in Figure 3-7.
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Figure 3-7: Input approximation

Figure 3-8 shows a small part of the same approximation as in Figure 3-7. The lower graph
in the figure also shows the actual input signal that results in the approximation shown in
the upper part of the figure.
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Figure 3-8: Input approximation with the corresponding actual input signal u.

With the transformation from the virtual inputs Fay and Faz possible, the overall GNC loop
can now be shown as in the block-scheme of Figure 3-9. The remaining issue is the design of
the controller to calculate the required virtual inputs.

Trajectory Controller Transformation Systemu

Sensor

r epos Fay, Faz states

y, z

−

x V, φ, p

Figure 3-9: Control loop augmented with an input transformation
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Chapter 4

Controller

With the (re)structuring of the guidance, navigation and control (GNC) loop in chapter 3
done, this chapter aims to offer a controller to be used in this loop. The chapter starts
with a discussion of the control objective along with the definition of the performance of the
controller. Thereafter the choice for a PD-controller is discussed followed by the tuning of
the controller gains for this controller.

The chapter ends with an overview of the performance of the overall system and the influence
of the actuator frequency and the spin rate on the performance.

4-1 Control objective

The guidance strategy was defined in Chapter 3, where the goal is to follow a reference
trajectory as in Figure 3-2 for example. The tracking errors that need to be controlled by
the controller can be seen in Figure 4-1. Here, the red dot represents the y and z coordinates
in the predefined trajectory that correspond to the current x coordinate and the blue dot
represents the actual position of the projectile. The errors in these directions are given by ey
and ez.
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32 Controller

Figure 4-1: Tracking errors in y and z direction

The errors will be introduced in the system by introducing a variation in the initial conditions.
These randomized irregularities represent the errors resulting from various system variables
such as varying powder charge, weapon tolerances, sensor noise in initial aiming angles, etc.
Errors resulting from atmospheric disturbances such as wind and temperature differences are
not taken into account for this thesis. In order to introduce these errors into the simulations
the following statements are applied:

• The projectile is fired with average initial yaw and pitch angles µψ and µθ, such that the
nominal, undisturbed trajectory will impact at the desired impact point as discussed in
Chapter 3.

• These initial yaw and pitch angles will be disturbed, such that the actual initial angles
are normally distributed variables:

ψ0 ∼ N (µψ, σ2) (4-1)
θ0 ∼ N (µθ, σ2) (4-2)

• The value σ represents the dispersion of the weapon system in rad, resulting from the
internal system variations as discussed. The value of σ is chosen based on common
values for the dispersion of different 30mm projectiles. The value is chosen σ = 0.8
milliradians.

Using the errors introduced, the projectile impacts will be centered around the intended target
impact point. The controller will work on reducing these tracking errors during flight, thus
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4-2 Controller choice 33

returning the projectile to it’s intended target trajectory and towards the intended impact
point.

As stated in Chapter 1, the goal of the thesis is the design of a GNC system that is able to
minimize the deviation from the desired impact point. This deviation consists of the accuracy
and the dispersion. The accuracy is defined by the distance between the target and the average
impact point, whereas the dispersion is defined by the variance around the average impact
point. Therefore, with the rest of the system defined, the performance of the controller will
be specified by a combination of the average error and the standard deviation:

J = µei + σi (4-3)

with:

µei = average miss distance
σi = standard deviation of impacts

The goal is to seek a controller that minimizes this cost function J . The measured averages and
standard deviations that make up this performance indicator will all be based on simulations
consisting of 50 firings using the normally distributed initial firing angles.

4-2 Controller choice

The controller must reduce the errors ey and ez during flight. With the help of the input
transformation made in Chapter 3, the inputs available are forces in the same directions: Fay
and Faz. First, however, an observation must be discussed on the direction of these control
forces.

4-2-1 Swerve response phase shift

During testing of the input in the model, the observation was made that the direction of the
actuator force on the projectile is not equal to the direction of the resulting position response.
This response, called the swerve response, is significantly shifted in phase. Figure 4-2 and
Figure 4-3 highlight this fact.
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Figure 4-2: Swerve response to constant 1N control force in +y direction. The green line is the
uncontrolled trajectory, the blue line the controlled trajectory

Figure 4-2 shows the swerve response of a projectile subjected to a control force of 1N in the
positive y direction. The resulting trajectory ends in an impact point, which is diverted in a
direction that differs from the positive y direction by 172.53◦.
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Figure 4-3: Swerve response to constant 1N control force in +z direction. The green line is the
uncontrolled trajectory, the blue line the controlled trajectory

Figure 4-2 similarly shows the swerve response of a projectile subjected to a control force of
1N in the positive z direction. The resulting trajectory ends in an impact point, which is
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4-2 Controller choice 35

diverted in a direction that differs from the positive z direction by 172.58◦.

These observations are corroborated by and explained in further detail in the research done
by Ollerenshaw and Costello [16] on the swerve response of projectiles to control input. They
explain that for spin-stabilized projectiles, the swerve response to a control force applied in
front of the aerodynamic center of pressure will undergo a phase shift approaching 180 degrees
out of phase with the direction of the applied force.

Therefore, if the control forces are to be used for reducing the error in a particular direction,
this phase shift must be taken into account.

4-2-2 PD Controller

With the errors ey,ez and the forces Fay,Faz, a logical choice of controller is the PD controller.
In particular, a separate PD controller for both the y and z direction. The PD controller is
defined by the transfer function:

K(s) = Kp +Kds (4-4)

Because of the symmetry of the projectile and the fact that the single actuator generates the
forces, the controller gains for the two separate PD-controllers are chosen to be equal. The
overall transfer function that takes the two errors ey and ez as input and outputs the virtual
force inputs Fay and Faz is then given in Equation 4-5

K(s) =
[
Kp +Kds 0

0 Kp +Kds

]
(4-5)

As seen in Section 4-2-1, the result of a control force in the positive y direction is almost
completely in the negative y direction and equivalently for the force in positive z direction.
When the small effect in the other direction is neglected, separate PD control loops for the
different directions can be made as in Figure 4-4, with a similar loop for the z direction.

PD System+Input transform

Sensor

r ey Fay states

y

−

Figure 4-4: PD control loop for y direction

Here, the gains of the PD controller are chosen to be negative. This will ensure that the
controller output will be in the opposite direction as the required swerve response as is required
following the phase shift discussed earlier.
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The most important benefit of this type of controller is the fact that it can easily be tuned
using a grid-search for the controller gains Kp and Kd that make up the controller. Linear
and model-based controllers are not preferred because the linearization of the model is not
straightforward. In addition, it is difficult to compute the system matrices that are required for
the calculation for optimal control techniques. The (non)linear system matrices are dependent
on a few parameters and have to be updated on the fly for use in optimal control or model-
based control.

Furthermore, the cost function J that represent the performance of the projectile is not
directly related to the tracking behaviour of the controller. Because the cost function is based
on an average of 50 simulations, the use of a grid-search method for the tuning of a PD
controller makes sense. It allows for the selection of the specific controller gains that achieve
this overall goal best based on simulation runs of 50 firings.

4-3 Controller tuning using grid-search

In order to find the controller gains that minimize the cost function J from Equation 4-3,
a grid is defined containing values for the proportional controller gain Kp and derivative
controller gain Kd. After an initial broader search, the grid is limited to the following values:

Kp = 0,−0.2,−0.4, · · · ,−4
Kd = 0,−0.1,−0.2, · · · ,−2

For every combination in the grid, 50 simulations are done. These simulations are done using
the following principles:

• The projectile model from Chapter 2 is initialized with the following initial conditions:

x0 = 0
y0 = 0
z0 = 0
ψ0 ∼ N (0.0089, 0.00082)
θ0 ∼ N (−0.0005, 0.00082)
φ0 = 0
u0 = 1000
v0 = 0
w0 = 0
p0 = 6000
q0 = 0
r0 = 0

• The trajectory to be tracked is the undisturbed trajectory that ends in the point
(1000, 0, 0).
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• No external disturbances

• The forces that follow from the PD controller output are directly applied on the pro-
jectile, without the intermediate transformation and simulation of the actuator input.
This allows for lower computation time and the elimination of any influence this trans-
formation has on the control calculation

After the simulation of 50 firings according to these conditions, the average miss distance of
the 50 firings µei and the standard deviation of the 50 impacts σi are computed. The sum of
these is the value of the cost function J . The results for this search are given in Figure 4-5.
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Figure 4-5: Grid search for optimal PD-gains

From the results the optimal Kd = −0.4 can be found. It is also visible in the figure that
the variation of the proportional gain offer much less of an impact on the cost function than
the variation of the derivative gain. This can be explained by looking at the influence of the
controller gains on the shape of the trajectories.
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Figure 4-6: High Kp trajectory: Kp = −4,
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Figure 4-6 and Figure 4-7 show the trajectories for a higher or lower Kp respectively. The
red trajectory represents the target, the green trajectory the uncontrolled trajectory and the
blue trajectory is the controlled trajectory. Both figures are generated using the same initial
conditions and the same optimal value for Kd. The value of Kp mainly influences the time
it takes to converge to the desired trajectory. As the cost function does not value a faster
convergence, the influence of the proportional gain on the performance is low.

Conversely, Figure 4-8 and Figure 4-9 show the trajectories for a higher or lower Kd respec-
tively for the same initial conditions. Here it is clear that a Kd that is too high will cause the
projectile to overcompensate for it’s velocity and therefore start to oscillate. This increases
the impact point error. On the other side a Kd that is too low will cause the projectile to
under-compensate for it’s velocity, therefore increasing the overshoot and settling time and
increasing the impact point error.
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Figure 4-8: High Kd trajectory: Kp = −4,
Kd = −1

1000

X (m)

500

Trajectory

0

-0.4

1

-0.2

Y (m)

2

-Z
 (

m
)

0
0.2

3

00.4

4

0.6

Figure 4-9: Low Kd trajectory: Kp = −4,
Kd = 0
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In general, a faster settling time is preferred for two main reasons:

• A faster settling time also implies the feasibility of the system for implementation on
shorter distances than 1km.

• The maximum magnitude that can be generated is dependent on the velocity as dis-
cussed in Chapter 2. As the velocity decreases over time, the ability to offer large control
forces also decreases. Therefore it is prudent to have most of the corrections done early,
when the velocity is still high.

Therefore a Kp = −4 is chosen and the transfer function of the full controller is given in
Equation 4-6.

K(s) =
[
−4− 0.4s 0

0 −4− 0.4s

]
(4-6)

Increasing the value of Kp much further is not very helpful. As discussed in Section 3-2-2, the
maximum feasible magnitude of the virtual inputs is limited. The maximum actuator force
from Table 2-1 is 7.2N at Mach 3. In optimal conditions with an actuator fast enough this
results in a maximum virtual input magnitude of

2
2π7.2 = 2.3N

And after just 0.5 seconds this is already reduced to about 1.3N. For slower actuators the
maximum possible force is even worse at maximum speed due to the requirement of more
complete roll cycles for the input mapping:

2
6π7.2 = 0.76N

As the tracking errors are generally in the order of 0.01-0.4 meters, the required forces would
become higher than the maximum possible magnitude and therefore the increase of the con-
troller gains would no longer influence the settling time.
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Figure 4-10: Simulated controlled firings using PD-controller

Figure 4-10 shows the impacts of the 50 simulated firings both controlled and uncontrolled.
The massive reduction in dispersion is clearly visible. The standard deviation of the projectile
impacts is reduced from 0.513 m to 0.007 m and the mean error is reduced from 0.008m to
0.002m.
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Chapter 5

Integrated System Results

This chapter will focus on the discussion of the results following the implementation of the
entire guidance, navigation and control (GNC) system. The difference between a perfect
controller with actual inputs versus the controller with the input transformation is tested.
Furthermore an analysis is made to show the influence of the actuator frequency and the
projectile spin rate on the performance of the system in order to find the conditions in which
the proposed system is able to function at it’s best.

5-1 Influence of input transformation

The first thing to be analyzed is the performance of the combined system utilizing the input
transformation from Chapter 3 and the controller from Chapter 4. The results in Chapter 4
showed a clear reduction of the standard deviation of the projectile impacts from 0.513 m to
0.007 m and a reduction in the mean error from 0.008 m to 0.002 m. Figure 5-1 shows the
impacts for the same 50 firings, but now implemented in a system using the full GNC loop
from Figure 3-9.
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Figure 5-1: Simulated controlled firings p0 = 6000 rad/s, f = 1000 Hz

Figure 5-2 shows the same simulation result as Figure 5-1, but now with the results represented
by the means and standard deviations.
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Figure 5-2: Simulated controlled firings standard deviations, p0 = 6000 rad/s, f = 400 Hz

As can be seen in the figure, the reduction in standard deviation is still significant with a
reduction from 0.513 m to 0.010 m. However, there is now a small increase in the mean error
from 0.008 m to 0.017 m. This small increase is negligible when considering the projectile
diameter of 0.030 m, especially when also considering the huge gains in the important area
of dispersion reduction.

L.J.N. van der Geest Master of Science Thesis



5-2 Influence of actuator frequency and spin rate 43

In general, the input transformation is working correctly for the current controller and offers
similar results as directly applying the virtual control inputs on the projectile would.

5-2 Influence of actuator frequency and spin rate

The result in Figure 5-1 is based on an input transformation where the actuator is fast enough
to fit an entire actuation period in a single roll cycle. In this case for an initial spin rate of
p0 = 6000 rad/s and an actuator frequency of 1000 Hz. However, the current actuator is only
possible of achieving a frequency of 400 Hz.

For an actuator frequency of 400 Hz and an initial spin rate of 6000 rad/s, the minimum
amount of roll cycles to fit the minimum actuation period is 3, following the calculation
in Equation 3-7. Because the increase in the required roll cycles decreases the maximum
magnitude of the directional force possible, according to Equation 3-8, and increases the
instability due to the relatively long periods of open actuator, it is necessary to evaluate the
performance for lower frequencies. Therefore, simulations are done using an initial roll rate
of 6000 rad/s and an actuator frequency of 400 Hz. Figure 5-3 shows the results with the
frequency reduced to this amount and Figure 5-4 is again showing the same simulation result
represented by the means and standard deviations.
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Figure 5-3: Simulated controlled firings p0 = 6000 rad/s, f = 400 Hz
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Figure 5-4: Simulated controlled firings standard deviations, p0 = 6000 rad/s, f = 400 Hz

With this actuator frequency and spin rate, the mean error of the impacts µei = 0.042 is
increased when compared to the uncontrolled firings with µei = 0.008 and the mean error
µei = 0.016 of the firings with actuator frequency f = 6000 Hz.

The standard deviation of the impacts σi = 0.092 is significantly decreased when compared to
the uncontrolled firings with σi = 0.513 but slightly increased when compared to σi = 0.010
for the firings with actuator frequency f = 6000 Hz.

5-2-1 Spin rate

Instead of opting to develop faster actuators to match the high spin rates, another strategy
is the lowering of the initial spin of the projectile to better match the achievable actuator
frequency. Although the stability of the projectile will decrease with lower spin rates, the pro-
jectile can be steered easier. Furthermore, the minimum number of required roll cycles Nmin

for the optimization decreases and thus the maximum directional force magnitude increases.

Figure A-1 until Figure A-12 in Appendix A show the impacts represented by their mean
and standard deviations for simulations using various combinations of initial spin rate and
actuator frequency. The values of these results are also given in Table 5-1.
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p0(rad/s)
f(Hz) 400 600 800 1000

4000
Nmin = 2
µei = 0.166
σi = 0.149

Nmin = 2
µei = 0.170
σi = 0.152

Nmin = 1
µei = 0.113
σi = 0.080

Nmin = 1
µei = 0.110
σi = 0.098

5000
Nmin = 2
µei = 0.040
σi = 0.085

Nmin = 2
µei = 0.048
σi = 0.055

Nmin = 1
µei = 0.055
σi = 0.094

Nmin = 1
µei = 0.049
σi = 0.044

6000
Nmin = 3
µei = 0.042
σi = 0.092

Nmin = 2
µei = 0.007
σi = 0.028

Nmin = 2
µei = 0.012
σi = 0.033

Nmin = 1
µei = 0.016
σi = 0.010

Table 5-1: Performance overview for different spin rates and actuator frequencies (uncontrolled
firings achieve µei

= 0.008 and σi = 0.513)

From the results of Table 5-1, a few observations can be made:

• Decreasing the actuator frequency f results in a larger standard deviation.

• Variations in the actuator frequency do not influence the mean error significantly.

• The mean error increases significantly with the lowering of the initial spin rate p0.

• The lowering of the spin rate also increases the standard deviation of the impacts.

All of the results for the fast 6000 rad/s spinning projectile simulations perform better than
all of the results for slower spinning projectile simulations. With this in mind, the advice
for upcoming innovation would be to focus on increasing the actuator frequency rather than
working with the current actuator at lower spin rates. An increase of the current achievable
frequency of 400 Hz to a frequency of 600 Hz would yield the most immediate performance
improvement.

A small caveat must be made with these results. Most of the control design and tuning is
done with the normal 6000 rad/s spin rate in mind. Re-tuning the controller gains with
simulations for lower spin rates could improve the results, although the expectation is that
these results would still under-perform when compared to the more stable projectiles.
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Chapter 6

Conclusion

This thesis research was carried out with the following goal in mind:

Given a medium-sized caliber spinning gun-launched projectile with an actuator developed by
TNO, design a guidance and control system that is able to minimize the deviation from the

desired impact point for a firing range of 1 kilometer.

After the description of the dynamic models, the structuring of the guidance, navigation and
control (GNC) loop with the development of an input transformation and the tuning of a
PD-controller, an overall successful guidance and control system that achieves this goal was
delivered.

In this final chapter, the main contributions of this research are highlighted followed by
a discussion of the limitations of the research accompanied by a few recommendations for
further research.

6-1 Contributions

The research done for the sake of this MSc thesis has made a few key contributions:

The development of a simplified model for the actuator prototype in use.

This model describes the magnitude and direction of the actuator force as a function of the
projectile velocity V , roll orientation φ and the binary input signal u. In combination with a
model for the projectile dynamics based on existing research this model forms the framework
for all the subsequent development and testing as described in Chapter 2.
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The development of an input transformation from one binary input signal to two virtual
input forces.

The most important contribution of this thesis is the method for transforming the input
signal u to two virtual input forces Fay and Faz shown in Chapter 3. This transformation is
useful for any actuator that is used to control a spinning projectile by means of transitioning
between an on-state and an off-state.

The transformation, based on a discretization of the rolling motion and the solving of an
optimization problem, calculates the input signal u that has an equal effect on the projectile
as directly applying the forces would have. With this transformation, a few key problems
inherent in this setup of actuator and spinning projectile are solved.

The most important benefit is the ability to influence two directions with forces that can be
varied in magnitude. In combination with the choice for a guidance method based on the
pre-launch calculation of the preferred trajectory, this method allows for the use of simpler
controllers that don’t require complete information or linearization of the highly nonlinear
projectile model.

PD-controller design

Chapter 4 focused on the development of a controller that serves to track the predefined
trajectory. Using the newly created virtual inputs, two separate control loops with equal
PD-controllers can be used to achieve this tracking. The optimal controller that minimize
the sum of the average error and the standard deviation is found with a grid-search.

Thereafter, the influence of the spin rate and the actuator frequency on the overall system
performance is evaluated in Chapter 5. Performance for the system is at it’s best when a
combination of high spin rates and high actuation frequency is used. A recommendation for a
focus on the increase of the actuator frequency is therefore issued when the current prototype
will be used with the proposed system.

6-1-1 Scope

The results of this thesis offer a starting point for the implementation of the novel actuation
system for the use in spinning projectiles. It offers a basic system framework that proves that
the actuator that is currently being developed for non-spinning systems also has a benefit
when used in a spinning system. At the very least, the system is capable of removing the
dispersion resulting from internal variations.

On a larger scale, with these novel fin-less actuation systems becoming more viable for the
control of smaller projectiles, the deployment of controlled projectiles could become more
likely. The high costs and need for specially developed launch mechanisms for fin-controlled
projectiles have been large obstacles and thus the switch to a likely cheaper alternative that
doesn’t require new launch mechanisms could accelerate the process.
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6-2 Discussion

A few remarks need to be made on the applicability of the results of this research. Although
a guidance and control strategy was successfully developed, the system is still limited in it’s
use.

6-2-1 Limitations

There are a few main limitations that should be highlighted when considering the implemen-
tation of the results:

• As discussed in Chapter 3, the navigation part of the GNC loop is considered to be
delivering completely accurate information on the projectile states. In reality, the mea-
surement and estimation of these states will require more thought. Sensor noise, time
delays and problems with the integration of the navigation in the system will become
significant for real-time use. An especially important issue will be the estimation of the
current roll angle φ, as it directly influences the validity of the input transformation.

• The input of the controller was simplified by the omission of the actual electric circuit
with inductor that is used to drive the actuator state u. The choice for the actuator
state as the manipulable variable means that the time delays and other dynamics are
not considered. This is not necessarily an issue for simulations, but problems could arise
in real-world application.

• The controller design lacks the analytical depth to prove overall optimality. For the given
system, initial conditions and guidance strategy, the chosen controller gains for a PD-
controller are close to the optimal gains in the set of gains that is considered. However,
due to the inability to acquire useful linearizations and the complicated projectile model,
other possible control techniques that could potentially provide better results are not
evaluated.
Furthermore, the controller is tuned for the specific firing range of 1 km. Shorter
distances may require higher gains. Higher distances, although not common for these
projectiles, would require the use of multiple controllers or adaptive controllers due to
the transition from supersonic to subsonic velocities.

6-2-2 Recommendations for further research

When considering all of the contributions and limitation of this thesis, there are some areas
that would benefit most from further research.

• The optimization done during the input transformation in Chapter 3 is relatively in-
efficient. Due to the complicated constraints that are put on the input signal that is
to be mapped, resultant forces corresponding to all of the possible input signals have
to be calculated before finding the optimal one. Further research on rewriting these
constraints in a more efficient way to make optimization techniques such as nonlinear
integer programming possible would considerably speed up the process and make the
system more suitable for real-time implementation.
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• Further research that evaluates the performance of other controllers for the system
following the input transformation. A working linearized model was not obtained. Ob-
taining such a model could allow for more model-based or optimal control strategies.
Additionally, nonlinear control strategies could also be evaluated to further seek the
best performing solution.

• Most importantly, research must be done on the disturbance rejection capabilities of the
system. Currently, the system is able to compensate for the dispersion resulting from
internal variations. This alone offers huge benefits, but when external disturbances such
as wind and sensor noise can also be compensated for, the usefulness of the system will
increase significantly.
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Appendix A

Figures

A-1 Standard deviations for different actuator frequencies and spin
rates
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Figure A-1: Simulated controlled firings standard deviations, p0 = 6000 rad/s, f = 1000 Hz
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Figure A-2: Simulated controlled firings standard deviations, p0 = 6000 rad/s, f = 800 Hz
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Figure A-3: Simulated controlled firings standard deviations, p0 = 6000 rad/s, f = 600 Hz
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Figure A-4: Simulated controlled firings standard deviations, p0 = 6000 rad/s, f = 400 Hz
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Figure A-5: Simulated controlled firings standard deviations, p0 = 5000 rad/s, f = 1000 Hz
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Figure A-6: Simulated controlled firings standard deviations, p0 = 5000 rad/s, f = 800 Hz
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Figure A-7: Simulated controlled firings standard deviations, p0 = 5000 rad/s, f = 600 Hz
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Figure A-8: Simulated controlled firings standard deviations, p0 = 5000 rad/s, f = 400 Hz
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Figure A-9: Simulated controlled firings standard deviations, p0 = 4000 rad/s, f = 1000 Hz
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Figure A-10: Simulated controlled firings standard deviations, p0 = 4000 rad/s, f = 800 Hz
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Figure A-11: Simulated controlled firings standard deviations, p0 = 4000 rad/s, f = 600 Hz
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Figure A-12: Simulated controlled firings standard deviations, p0 = 4000 rad/s, f = 400 Hz
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Appendix B

Tables

B-1 Aerodynamic Coefficients

Table B-1: Table containing the Aerodynamic Coefficients found using PRODAS
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Glossary

List of Acronyms

3-DOF three degrees of freedom

4-DOF four degrees of freedom

6-DOF six degrees of freedom

AOA angle of attack

CFD computational fluid dynamics

COM center of mass

COP center of pressure

EKF Extended Kalman Filter

GNC guidance, navigation and control

IPC Innovative Projectile Control

IPP impact point prediction

MPC model predictive control

PNG proportional navigation guidance

YPR yaw-pitch-roll
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