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Abstract

The swing up control of a 3D cart-pole with a very flexible beam is demonstrated using a geo-
metrically exact beam formulation. A novel control approach exploiting the inherent dynamics of
rotating systems is used to achieve the full, stabilised swing up control. The controller’s efficacy is
first demonstrated on a rigid pendulum, and then applied to the flexible pendulum case.
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Nomenclature

w angular velocity

w(s,t) Angular velocity at each section of the beam at any given time

¢1i(s) i-th mode shape of x;

¢2i(s) i-th mode shape of o

T Control Torque

e1, es, ez Local frame of reference

f(s,t) Sectional force resultant at each section of the beam at any given time
fq(s) External sectional forces and moments due to gravity

g Gravitational force vector in the inertial frame

I Moment of inertia

m(s,t) Sectional moment resultant at each section of the beam at any given time
g(t)  Modal coordinates

rem(8) Offset between the sectional centre of mass and the elastic axis

v(s,t) Linear velocity at each section of the beam at any given time

T State vector

21(s,t) Linear and angular velocities at each section of the beam at any given time
@2(s,t) Resultant sectional forces and moments at each section of the beam at any given time
dq Difference between current and reference augmented state vector

ou Difference between current and reference control vector

5ij Kronecker delta, 57J =1if¢= k’, 5ij =0if1 7é k

¥ Strain vetor
K Vector of curvatures and twist
Ko Initial curvature and pre-twist

R+d d-dimensional space of positive Reals
R? d-dimensional space of Reals

L1 Linear operator on x



Lo Linear operator on x5

U skew-symmetric operator

w; natural frequency of i-th mode shape

pl Polar Moment of inertia per unit length

pls Moment of inertia about 2-axis per unit length
pls Moment of inertia about 3-axis per unit length

p Density

a skew symmetric matrix of a such that a x b = ab

A Cross sectional area
C Compliance Matrix
c controller strength constant
C; Damping time scales matrix

Cy Cy= C.,-071
Dy, D1, Dy Coefficient matrices for linearised damping
E Matrix containing the initial curvature and pre-twist

Ey Energy Deficit - the difference between the current energy and the energy at the target
state

EA Direct tension stiffness

EI, Bending stiffness about 2-axis

EI;  Bending stiffness about 3-axis

fo Weighting on Qorientation i hybrid cost functions
fs Weighting on Qstabitising in hybrid cost functions
G Ay  Shear stiffness in 2-axis

(GAs  Shear stiffness in 3-axis

GJ Torsional stiffness

I, n X n identity matrix

M Mass matrix

Ny, Number of mode shapes

P Cost weight matrix on terminal state

Q Cost weight matrix on states

q1i, q2,; Modal coordinates of the finite dimensional approximation
R Cost weight matrix on control input

s Curvilinear coordinate that defines the elastic axis of the beam



S8 Boundary of the beam, s=0 and s=L
SO(3) 3D rotation group

t Time



Chapter 1

Introduction

The design of future, high-endurance, low-emissions aircrafts can greatly benefit from the use
of lightweight structures and wings with high aspect ratios. Such vehicles are therefore highly
structural flexible. With such structural flexibility and large aerodynamic loads expected from
high-performing aerosurfaces, the traditional separation of aero-elastic analysis from the flight
dynamics is not suitable. Furthermore, these systems are highly non-linear, and greatly coupled.
Such systems present a great challenge to the aircraft designer, as suitable tools for the analysis,
design, optimisation and control of these systems do not exist.

The need to develop “more advanced, multidisciplinary ... time-domain analysis methods appropri-
ate to highly flexible, morphing vehicles” was called for in the wake of NASA’s Helios mishap [I].
In particular, analysing the interaction and developing suitable control methods for such morphing
vehicles provides the motivation for this project.

Flexible structures are also of great relevance to a number of other areas: for instance, the fields
of soft robotics, and soft manipulators are seeking similar tools to, for instance, be able to control
a soft-elastic tendon for a robotic leg, or to morph the body to wrap around and grasp objects
[2, B]. Biomedical research into the design and actuation of robotic, steerable needles also requires
controller design for safe operation [4} [].

In this project, the swing up control of a highly flexible pendulum is attempted. While rigid pen-
dulums have been very well studied, a flexible beam acting as a pendulum is the simplest structure
that can be studied to gain insight into appropriate control methods for flexible structures.

1.1 Objectives

The design of a controller that can efficiently swing up a highly flexible beam pendulum, and
stabilise it in an upright position is the main objective of this work. The problem is a 3D, flexible
beam extension to the traditional cart-pole problem.

The focus of the research is on understanding the implications of an alternative approach in the
design of a controller, and to evaluate its suitability for the control of very flexible structures.

1.2 Contributions

In this paper a non-linear, geometrically exact beam formulation is used to reduce the structure’s
state into a low-dimensional state. From there a novel cost function that exploits the natural
dynamics of a structure is used to define an optimisation problem that is solved using Model
Predictive Control (MPC).

I demonstrate that this novel cost function is capable of uprighting a flexible beam, and that it
presents a few desirable properties, including ease of implementation, and extendability to more
complicated structures.



1.3 Organisation

This thesis is organised as follows: In Chapter [2| some background is provided as to the current
literature on the structural modelling and control of flexible structures is provided, and the rea-
sons for choosing the the current approach are discussed. In Chapter [3| quaternion dynamics is
introduced, and a new controller for quaternions is identified. The behaviour of this controller is
studied using a rigid simple pendulum and provides motivation to apply this controller to flexible
beams. Chapter [4] defines the beam model used in this control problem. We bring these together in
Chapter 5| where the novel control scheme is applied to the flexible beam and new cost functions
are defined. Finally Chapter [6] presents the findings of the paper, through numerical simulations
and analysis of the behaviour of the beams. In the conclusion, recommendations are made for
future research directions.
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Chapter 2

Background

2.1 Energy Shaping and Psuedo-Rigid-Body Paradigm

The simple, rigid pendulum has been extensively studied, and many different control approaches
exist to control it, and the related family of problems: the acrobot, cart-pole, quadrotors etc.
These include energy shaping [6], partial feedback linearisation [7] and related methods that define
a feedback controller based on the difference between the current ‘energy’ of the system and the
desired energy. The word ‘energy’ is often used loosely to refer to some scalar quantity that can
be used in this way to define a controller. While simple and often effective, they are often hard to
design for complicated, coupled systems.

The energy shaping methods can be extended to multi-link pendulums easily [8] and thus many such
controllers are defined by energy based methods. For instance for the control of a flexible needle
as it is to pierce skin, Franco [4] uses an energy based approach - the slender beam is modeled as
a two-rigid-link structure with a spring to model the deflection of the beam, the so-called psuedo-
rigid-body paradigm [9]. While this offers a method to reduce the need for complicated Finite
Element Analysis (FEA) on compliant mechanism, the model does lose accuracy on the beam
dynamics.

Only a few flexible inverted pendulum control schemes have been published, but generally apply
ideas from the flexible manipulators [10] including Assumed Modes (mode shapes based on Euler-
Bernoulli or Timoshenko beam models for simplifed beam properties) or finite element based
approximations of the mode shapes. Gandhi [IT] used these a modified version of these models to
produce an energy shaping based controller with a PID loop to stabilise a tip mass on a flexible
pendulum. His methods did not allow for full swing up control as they were linearised about the
upright position.

2.2 Modal-Based Models

Recently, there has been interest in developing richer, geometrically exact models of flexible struc-
tures and to study the control of such systems. These approaches were first identified by Simo et
al [12], allowing for energy preserving description of the beams in a partial differential equation.
To allow for control using methods appropriate for vibrations, these equations would need to be
written in a modal coordinates. Palacios [13] showed the equations could be written exactly with
only quadratic nonlinearity if written using the intrinsic form - using velocities and sectional forces
as primary variables rather than the displacements and rotations often used. The control of these
beams could then be written in a port-hamiltonian form, making it amenable to rigid-body con-
trol methods. The modal formulation has been used to demonstrate low-computational cost MPC
control of a flexible structures [14].

Since this approach is geometrically exact, it allows structures to be accurately modelled over a
wide range of operating conditions using only a small number parameters relevant to the control
problem. For example, an interpolation scheme was developed to smoothly bridge the structural
description over multiple operating regions [15].

11



Recently, Artola [I6] demonstrated the stabilisation of a flexible inverted pendulum described using
the modal analysis as above. He employed a MPC scheme to determine the optimal control input,
as it could reduce the time horizon that the optimiser had to operate in, and because he could
introduce perturbations during a simulation and determine the robustness.

This work extends Artola’s model applying a novel controller (defined in Chapter|3) to achieve full
swing up of the pendulum.

12



Chapter 3

Quaternion Dynamics and a Novel
Controller

In this chapter, the dynamics of a rigid body with rotation described by quaternions is examined.
An observation is made on the evolution of the quaternions, and thus a rigid body controller that
has useful properties is defined. The primary purpose of this chapter is to provide motivation for
the flexible pendulum controllers defined in Chapter

3.1 Quaternion Dynamics

The quaternion &(t) = [£o,&X]T : Ry — R* where & € [—1,1] and ||&,]| € [0,1] is used to
parameterise rotations. These describe a rotation of 6 radians about the unit vector I,

&0 = cos (0/2) (3.1)
&, =sin(6/2)1 3.2

and therefore we must have
1€]1* = &5 +11&11> =1 (3.3)

This rotation can also be described by a rotation matrix, T € SO(3), [T'7, Ch.20]

T(ﬁ) = (1 - 2||£7JH2)IJ + 257153; + 25051)7 (34)

where a denotes the skew-symmetric matrix of a such that ab = a x b, and I3 is the 3 x 3
identity matrix. The evolution of the quaternion is given by

a1 o

where w(t) : Ry — R? is the angular velocity of the body.

3.2 Insight

Suppose we are able to construct a controller that satisfies for all time,

& = _%w, (36)

where ¢ € Ry is a positive scalar constant. Then using Equation (3.5 we have,

9% 1 _c
E - _5(_051))T5v - 2517;511 (3'7)
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and

o€,

S ek + ek X (33

= &k, (3.9)
OG5 _ o pr 96

= = 2¢T 5 (3.10)

=267 (~S&t) (3.11)

= —ctollEull3 (3.12)

Inspecting these equations, we can see that % > 0 if ¢ > 0. Furthermore, if ¢y > 0, we have

2
% < 0. This suggests that regardless of the starting state, £y must increase, and therefore will

become positive at some point, and tend to its maximum value of 1. Once & > 0, we must have
that ||&,|| decreases. Since ||€,]| € [0,1], we can say

: _ T

Therefore, if a controller allows a body to satisfy Equation (3.6[), the controller will naturally
drive the quaternion of the body towards the state where the transformation matrix is the identity
matrix,

lim T(€()) = I (3.14)

t—o00

This is key result motivates the rest of this work. In the next section, the behaviour of this controller
is analysed in more detail, later it is applied to the swing-up control of a rigid pendulum.

3.3 Analytic Controller for Freely Rotating Rigid Bodies

To understand the implications of Equation , imagine a freely rotating rigid body in 3D.
Assuming the linear motion is decoupled (and thus omitted), and the only torque acting on the
body is due to an externally applied control torque 7(¢) : R — R3. The dynamics of the body (in
body reference frame) using the state z = [¢T,wT]T are

o€ _ 170 —wT &o
52l o) [¢) )
Iaa—‘: twx (Iw)="T1 (3.16)

where I € Si 4 is a symmetric matrix describing the moments of inertia in the body reference
frame. Expanding Equation (3.7)),

a&)_c

S = €T = 2 (1-8) (3.17)

we arrive at a decoupled ordinary differential equation in &p, that can be solved to give
ct
&o(t) = tanh 5 A (3.18)
Substituting this into Equation (3.9), we have

aa‘i” - 7% [tanh (C; - 01)] &, (3.19)

which is a decoupled non-linear ODE in each dimension of £,. We can solve for this analytically
too, and using Equation (3.6) and Equation (3.16) solve for the angular velocity and required

14



torque as functions of time,

t
&, (t) = sech <02 - cl> c (3.20)
ct
w(t) = —csech (2 — 01)02 (3.21)
T(t) = ¢ 2¢y X (Icg) + sinh C—t—c Ic (3.22)
1+ cosh(ct —2¢;) 2 2 2 ! 2 '

where

¢1 = —arctanh &(0) (3.23)
£.(0)
Cy= > (3.24)
1€ (0)]|

are determined from the initial values of €. Note, w(0) = —c&,(0) is a fixed parameter based on

the choice of c.

These solutions provide interesting insights:

1.

Notice that the controller strength parameter ¢ only appears in the evolution of £ as ct, and
therefore ¢ can be interpreted as the inverse of a time scale for the quaternions.

We can bound the maximum torque needed for such a controller to be

_ <2+\/5
4

|17 max < c?

1
Co X (ICQ) + ZICQ

) A||I|| ~ 1.06¢%||I|| (3.25)

The maximum torque required is proportional to c2, allowing us to pick ¢ based on torque
limitsﬂ Note, the latter bound is much looser than the former for most cs, I

Without any external forces, the controller maintains the angular velocity and &, about
their respective initial axis. While this makes the rotation effectively 2D, the direction and
magnitude of the torques (in the body frame) will change over time.

While all states should bring the body to the desired final state, the controller struggles
near &g = —1 and &, = [0,0,0]. This is because T'(&) = T(—€), that is, a quaternion and
its negative represent the same rotation. [I7]. However the controller is unable to see this,
and could cause a full rotation rather than stabilising the point (as in the first two rows
of Figure . This issue is easily solved if we account for this while specifying the initial
conditions, taking care to express them in the form closer to the [1,0,0,0] target point.

At £ =[-1,0,0,0], the controller would take an infinite amount of time to reach the target
state. For a small perturbation (for example £,(0) = —0.99), the controller reaches the target

in ~ 10/c seconds (Figure [3.1)).

The time taken to for the quaternion’s scalar component to be greater than some threshold
(&o(t) > &) can be found analytically,

2 (arctanh (&) + cl)

Cc

t:

(3.26)

and for & = 0.9 we have ¢ > (2.944 + 2¢,) /c.

The response due to this controller is shown in Figure [3.I] from 5 different starting states. &, for
¢ =1. We can see that despite no information on the target state being provided to the controller,
it can navigate to the expected state.

3.4 Swing up control of rigid pendulums

While the previous section provides analytical results on the behaviour of this controller, it (a)
neglects any external forces (b) does not allow for w to deviate from the prescribed value based on c.
In this section, a toy problem of a 2D pendulum will be used to study this controller better.

IThis simplification is possible since ||cz|| = 1

15



3 w [rad/s] T [Nm]

1 0 T
0.2
£(0) = [-0.99, /\
0.00, o 0.5 0
000 \/
0.00] N
1 A 0.2
1 0
£(0) = [-0.49, 0.2
0.00,
0.87, 0 -0.5 0
0.00]
1 9 -0.2
1 0 T
£(0) = [0.00, 02
0.00,
1.00, 0 -0.5 0
0.00]
| 4 0.2
1 0
£(0) = [0.49, 02
0.00,
087, 0 05 0
0.00]
1 -1 0.2
1 0
£(0) = [0.99, — —| 02 2
000, —& s —ll e —7
0.14, —, wy 7
0.00] 3
1 3 1 -0.2
0 5 10 0 5 10 0 5 10

Figure 3.1: Analytic Controller. Each row represents the solution from a different starting quater-
nion, indicated on the left. The columns show the quaternion components, the angular velocity
and the torque applied.

3.4.1 Problem definition

length /

Figure 3.2: Definition of parameters for rigid pendulum.

Consider a rigid beam pendulum, with length L = 1 m, total mass M = 1 kg which is uniformly
distributed across the beam. It starts in the downward stable position, (§ = 7), and the target is
to reach § = 0 using a torque at the pivot point 7. Gravitational acceleration go = 9.81 m/s.

The dynamics are therefore given by,

00

- 2
o (327)
Ow T+ (MgoL/2)sing 37 390 . , 390 .
Fri M3L2 = L7 + 3T sinf = 37 + 5 sin 0 (3.28)

3.4.2 Energy Shaping
The energy of the pendulum is given by

1
E= goJQ + 950 cos @ (3.29)
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and defining the difference between the current and target energy as Eq = E — go/2, the rate of
change of the energy deficit is

. 1 .
Ea = zwi - %0 sin 06 = wr (330)
therefore, if
_ . 1 5 90
T(t) = —kwEy = —kw éw + E(COSG - 1) (3:31)
E, = —kw?Ey (3.32)

the controller will bring the energy deficit to asymptotically to 0. The closed loop dynamics
under this controller is shown in Figure [3:3] for £ = 0.1. However there a few issues with this
controller:

1. The controller is not stabilising. The fixed point in the upright condition is attractive, but
not stable. This is because the Lyapunov function (E4) as stated above is not positive for all
(0,w) not at the fixed point. The fixed point is attractive in that the controller will always
add energy when the system energy is lower than the target set point, and remove energy in
when system energy is higher than it should be. Since there is only one fixed point where the
energy deficit is 0, the system with the energy shaping controller is attracted to this point.

2. An example of this instability is seen if we imagine a state near the equilibrium but with
positive w and negative §. This situation would (under open loop dynamics) move towards to
fixed point. However the torque can be negative! Combined with the fact that the controller
is unstable, there are situations in which the pendulum will go all the way around instead
of being stabilised near the upright condition. As such, a second controller (often a Linear
Quadratic Regulator) is used near the equilibrium point [6].

3. The initial condition (f,w) = (m,0) is stable, and under this controller, no torque will be
applied. As such, for it to start swinging, a small perturbation must be provided.
3.4.3 Orientation Based Controller
To define a controller that tracks Equation (3.6), we define a optimal control problem,

ty w2
J = minimize / ‘ &+ —H dt (3.33a)
7(t) 0 c
This controller was chosen as it would minimise the time averaged error in &, = —w/c. However

this can also cause it to act against the natural dynamics of the problem, unlike the energy shaping
methods which seek to slightly modify the dynamics of the system to allow them to reach the target
state. There may be other ways to encode the desired behaviour, for instance

J:/Otf\I/(t)‘

where ¥(¢) is weighting function that places greater weight at a future time (for example, U(t) =
tanh(t/ty) or W(¢t) = t2). In this way, the controller might use the initial time to place the state
on a trajectory that will be close to satisfying &, = —w/c while not trying to fight the dynamics.
In this work however, the behaviour of Equation was the focus, and thus the choice and
impact of ¥ is left for future research.

w|? T
5U+ZH + 7T Rrdt (3.34)

For a 2D problem, we can simplify Equation (3.33) to

tr 0 w)?
J = minimize / (sin <> + ) dt (3.35a)
7(t) 0 2 ¢

subject to dynamics, (3.35b)
6(0) =m,w(0) =0 (3.35¢)

17



This non-trivial optimisation problem must be solved numerically (using a psuedo-spectral method
[18]), and results for various ¢ are shown in Figure Full implementation details are listed in
the appendix.

3.4.4 An appropriate value for the controller strength, c

There is one particular value of ¢ that yields interesting results. Suppose ¢ = 1/6gp. In this case,
if our controller was perfect, we could write

0
w = —+/6gq sin 5 (3.36)
: 00
c.w = —4/6gp cos 33 (3.37)
=- 290 cos g (—\/Ggo sin Z) (3.38)
= 3—50 sin (3.39)

which is exactly the dynamics of the pendulum! Using ¢ = 1/6gg =~ 7.67, we have defined the path
as that which has the same energy as the target state, and thus the new controller can suggest the
same control law as that from energy shaping.

We can also show that near the upright position, the LQR results based on the new controller
(referred to as the orientation based controller) match those from a torque minimising controller
using the weights,

1 0
Qtorque == |:O 1:| Rto'[‘que =10 (340)
1/4 1/(2 _
Qorientation(c) = |:1/(/2C) :{5020)] Rorientation = 10 10 (341)

where Qorientation 1S the linearised version of Equation (3.35) and the small cost on R was nec-
essary since LQR algorithms are ill-defined for singular R. The LQR problem was solved using

Mathematica, for various ¢, and the weights of each controller (1 = —K [H,w}T)is listed be-
low.

Table 3.1: Feedback controller weights for various types of controllers

Type Ki/||K|  K/||K]||
Torque 0.967223  0.253939
Orientation, ¢ = /6gg 0.967660  0.252257
Orientation, ¢ = 1 0.447248  0.894410

Orientation, ¢ = 10 0.980578  0.196129
Orientation, ¢ = 100 0.997779  0.066118

These results show that the orientation based controller for ¢ = 1/6gy has exactly almost exactly
the same behaviour as the LQR applied at the upright position.
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Figure 3.3: Rigid Pendulum Dynamics. (a) State space diagram for a simple pendulum showing
the open-loop controller (blue) and the closed loop control for energy shaping (red). Note, § =0
for the upright situation. Dashed lines show solutions to sinf/2+w/c = 0 for various ¢. Solid lines
indicate solutions of the optimal control problem Equation for corresponding ¢. (b) Control
history for these solutions. Inset shows the initial area at higher magnification. (c) History of

energy deficit for these solutions.
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Chapter 4

Flexible Beams

The control of highly flexible structures is challenging, not only because the physical models and
dynamics are far more complicated, but because the size of the problem to describe these flexible
structures is necessarily much greater. A simple rigid pendulum can be described by two states:
0, w and only a few parameters are needed to fully describe its behaviour: M, L, I, gyo. An equivalent
flexible beam, as will be described in much greater detail in the next section, requires knowledge
of these states at each position along the beam’s length.

Furthermore, classical beam theories like the Euler-Bernoulli beam theory or the Timoshenko flex-
ible beam theory are not geometrically exact, and fail to accurately describe the beams behaviour
for large deformations. Here I use geometrically exact non-linear beam theory described by [16]
to capture the deformations and dynamics precisely. The theory allows us to account for a few
key effects that arise from the interaction of rigid body motion, axial deformations, beam bending,
and twisting: (1) the geometrically stiffening effect, where the deformed structure is stiffer due to
the reorientation of stress fields to the in-plane directions (2) changes of global inertia due to the
changing shape of the sections, and (3) the follower force effect, which allows the force acting on a
section to be affected by the local orientation. Accounting for these effects is crucial to describing
the 3D behaviour the beams and plates. In this work the deformations and rotations are primarily
present in 2 of the 3 space dimensions, although the full 3D structure is used in analysis and
simulation.

To solve for the optimal control of these highly flexible beams, a Non-linear Model Predictive
Control (NMPC) method is employed. NMPC has high computational cost when computing the
behaviour of high dimensional systems. Indeed, a continuous highly flexible beam has infinite
dimensions. A direct discretization of such a beam, using methods like Finite Elements, may have
thousands of state variables and would be computationally intractable. A modal description using
the beam’s primary states (displacements and rotations) may have models with O(10?) states to be
describe the beam accurately. In this work, a reduced order modal system is used with an intrinsic
formulation. In this analysis, the velocities and angular velocities of the beam are tracked, and thus
require O(10) states. This allows the problem to be far more computationally tractable. However
the primary variables are now derived from these intrinsic states by integration, introducing some
complexity.

In the following sections, the structural model for highly flexible beams is described, including a
method to determine the primary states. Next, the finite dimensional approximations to produce
the reduced order model is described, and the particular beam structure for this work is presented.
The extension to include gravitational forces is described.

4.1 Structural Model

4.1.1 Intrinsic Beam Formulation

In this section, the geometrically exact, fully intrinsic non-linear beam theory model of Hodges
[19] is described. The dynamics of the structure are described by two intrinsic states: the linear
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Figure 4.1: Frames of reference on a flexible beam (thick, grey). Global frame (black), base frame
(blue) and frame at some arbitrary location along the elastic axis, s (red)

and angular velocities at each of location along the beam, 1 (s,t) := [vT, w7 : [0, L] x R} — R®
and the resultant sectional forces and moments, x(s,t) := [f7,mT]T : [0,L] x Ry — RS where s
is the curvilinear coordinate that defines the elastic axis and ¢ denotes time.

The undamped equations of motions are written here in a local, body attached frame of reference
(e1, e, e3 centred on the origin) such that e; is tangent to the elastic axis (as in Artola [16]),

0 0
M% — % — Fxo + ﬁl(ilil)M(Bl + £2(.’1¢2)sz = f1 (41)
ox ox
CaT2 - aTl + ETxy — LT (21)Cas =0 (4.2)

where M (s) : [0, L] — S5 is the symmetric positive definite mass matrix, C(s) : [0, L] — S§
is the symmetric positive semi-definite compliance matrix (terms defined in the Nomenclature
section),

M = diag(pA7PA7PAapllaP12aPIS) (43)
and E(s) : [0,L] — R%® contains the initial curvature and pre-twist (for instance if the
structure is an arch),

€1 Ko

E = {’Mfo 0} (4.5)

and £; : RS — R*6 and £, : RS — R%%6 are defined by

cl(xl):[f; g} (4.6)
tatew = [9 1] (@7)

where, as before, the (-) is the cross-product operator.

The vector of external forces is f; € R® contains both the forces and moments per unit length at
each section, and may depend on the state (ie intrinsic variables), the primary variables and/or
time.

Boundary conditions are described by either free conditions,

x1(s9,t) 22(s0,1) =0 (4.8)
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or by prescribed a state,
CCl(Sa, t) = :Ela(t), :Eg(Sa, t) = mga(t) (49)

For example, for a cantilevered beam, we must have @1(0,¢) = 0, z5(L,t) = 0.

Therefore, this intrinsic description of the beam is independent of the primary variables, displace-
ments and rotations.

4.1.2 Recovering displacements and rotations

Since displacements and rotations do not appear in the formulation above, they must be derived as
dependent variables. There are two methods to determine theses: either by integrating the linear
and angular velocities in time from the initial starting state, or by integrating the local rotations
and extensions over the length of the beam.

In either case, we need the local orientation relative to an inertial frame of reference, ej,e3, e.
A transformation matrix T'(s,t) : [0, L] x Ry — R3*3 := T'(&(s,t)) is defined in terms of Equa-
tion (3.4]) and transforms bewteen the local and inertial frames of reference. The quaternions must
satisfy both

% =U(k + Ko)€ (4.10)
23
5 = U(w)E (4.11)

where k = [0, Is]Cx2 is the vector of curvatures and twist and U is the skew symmetric operator
acting on a € R3,

Ula) = % [2 _“&T] (4.12)

Similarly, the displacement field r(s,¢) can be solved by either

% =T(s,t)(e1 +7) (4.13)
or
i T(s,t)v (4.14)

where vy = [I3,0]Cz5 is the strain vector.

4.1.3 Damping

Damping is incorporated into the model using the Kelvin-Voigt model [16], by replacing

I -1 |7 19 || _ O
where (-) = % and (+) = % and C, € S is a matrix containing the time scales characterising

damping in the material. This allows us to write the nonlinear intrinsic beam equations with linear
damping as

M.’B.l - .’1}/2 — EZCQ + ﬁl(ml)Mzcl + £2($2)O§BQ = Do.’lil + Dlzc’l + DQ.’BIII + f1 (416)
Cﬂfg — iL'/l + ETicl - AC,{(JH)C:BQ =0 (417)

with the new boundary condition

x1(s0,t)7 (xa(s9,t) + Cy(x) (so,t) — ETx1(55,1))) =0 (4.18)
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where Cy = C,C~! and

Dy = —(C4ETY — EC4E” (4.19)
D, = C& - CdET + ECy (420)
Dy = Cy (4.21)

In this work, Equations (4.16]) and (4.17) are used, and the specific parameters used match those
from Artola [I6].

4.2 Finite Dimensional Model Reduction

4.2.1 Using only the intrinsic states

A finite dimensional approximation of the system dynamics is created using the natural modes
of the system [13]. The system is linearised about the unloaded and undeformed condition,
f1 = x1 = 3 = 0 and without damping,

8([51 8([12
— — —— — Fxy = 4.22
ot s =0 (422)

8152 8:81 T
— E = 4.2
C ot Js + T 0 ( 3)
and is solved for non-trivial solutions of the form

x1 = ¢14(s) sin(w;t) (4.24)
Lo = ¢o;i(s) cos(w;t) (4.25)

where ¢1;(s), ¢2:(s) : [0, L] — RS are the eigenfunctions that describe the mode shapes, and w; is
the associated natural frequency. Einstein summation notation is used, over indices i = 1,...N,,,
where N, is the number of mode shapes to consider. The eigenfunctions form an orthogonal basis
and are normalised such that

L
0
L
/ $2,Cpajds = 6;; (4.27)
0

where d;; is the Kronecker delta. The mode shapes for the beam studied in this work is depicted

in Figure
The modal expansion of the state is written as
z1(s,t) = P1:(s)qui(?t) (4.28)
T2(s,t) = P2:(5)q2: (1) (4.29)
where [q1(t), g2(t)] : Ry — R?¥m form the modal coordinates.

Equations (4.16]) and (4.17) can then be expressed using the modal coordinates using the Galerkin
projection. Using the modal expansion (Equations (4.28]) and (4.29)) in the dynamics, premulti-
plying by each eigenfunctions and integrating over the length of the beam, we obtain (full details
in [16])

q=Wgq+N(q)g+ m (4.30)

where q(t) = [q1(t)T, g2(t)T]T are the stacked modal coordinate vector of size 2NmE|

1For numerical ease, the rigid body modes are removed from g2, as will be discussed later
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The matrix W is a skew symmetric matrix

¥ Q
W = {_Q 0] (4.31)
where 2 is a diagonal matrix of eigenvalues and ¥ is the modal damping matrix,
L
Sl = [ #h(Dogs + Disy; + e )ds (432
0
and N(q) is non-linear in q,
—qul'y  —qul%
N(q) = 4.33
(@) LIzl(FIQ)T 0 ( )
where
L
My = [ @hLi(@)Muds (430
0
L
[To)is = / D1:L2(h2j)Cpads (4.35)
0
1 contains all the forcing terms (gravity and control inputs in this work),
L
()i = / b1, f1ds (4.36)
0
Note that W, T}, T’} are constant matrices and thus are precomputed offline.
The instantaneous energy of the system can be written as
L 7
ct)=3qa"q (4.37)

2

and implicitly depends on the mass and compliance matrices through the normalisation (Equa-
tions and ) This quantity contains both the energy associated with the rigid body
motion and the energy associated with the strain energy from all deformations. Gravitational
effects will be considered next.

4.2.2 Including a point control force

In general, the control force must be include as in Equation (4.36)). In this work, the controller
will exert a linear force at the base of the pendulum, and thus 7, can be expressed as

Uel
L Ue2
= [l || 8(s)ds = (o) (138
0
0

where §(s) is the delta function, and [uel,u527u63]T is the force acting on the base in the local
reference frame of the beam.

4.2.3 Including the motion of the base

To allow the base location to be tracked, the location of the base in the inertial frame can be
exposed in the state. We introduce apqse into the state vector with dynamics,

accbase
ot
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4.2.4 Including gravitational forces

Gravitational forces act on the beam in a direction defined in the inertial frame of reference, in
particular, we have

I3
Tem (s

fis 0 =uts) |, 15 | 07 (4.0

where f,(s) : [0,L] — R® is the vector of sectional forces and moments caused by gravity,
p(s) : [0, L] — R, is the sectional mass per unit length of the beam, 7., (s) is the offset between
the sectional centre of mass and the elastic axis (0 for symmetric beam cross-sections), T describes
the transformation from the inertial to the local frame of reference and g is the gravitational
acceleration vector in the inertial frame. Therefore, the finite dimensional approximation of the
beam must include the orientation at each section, and encode the gravitational forces.

First, a finite dimensional approximation for the local orientation is developed. The local orien-
tation at all locations on the beam is described by a cubic Catmull-Rom interpolation scheme
between a few sampled points £(t),

£(s,t) = S(s)&(t) (4.41)

where £(t) = [§1T(t)7...§%§ ()] : Ry — R*e stacks the quaternions at N¢ specified locations
along the beam. Only a small number of points are needed to reasonably track the quaternions
along the beam, and in this work we chose N¢ = 3. Detailed investigation of the impact of N¢ is
beyond the scope of this work. The matrix S(s) contains the piecewise cubic interpolation ensuring
smooth matching at all tracked quaternions, and detailed derivation of this matrix is provided in
the appendix.

The Galerkin projection of the gravitational force therefore gives

(&) = ngo + &T,€ (4.42)
where
L
[ngoli = /0 b1 Vﬂ gds (4.43)
L
[F;}iyj = /0 {zﬂ“ |:'F'fjn:| le(Sj,Sl)ngS (444)

where S; is the j-th column of S(s) and

Tju(&5,&) = —267 &1.015 + 2€5,0€0, + 2850010 (4.45)
where both 149 and I'y are constant matrices precomputed offline.

This allows the dynamics to be summarised as

0
€ = U1 (sk)q1)€r, k=1,...Ne (4.47)

where ®,, = [0, I5] selects the angular velocity components from the state at each sample point sy
and U is the operator defined earlier.

G=Wgq+ N(q)q+ {""(5)] (4.46)

This allows the dynamics to be written concisely as

Ald-00 0P K] e

The entire system state is now captured in an augmented state vector, q, = [qf, q2 , €7, wame]T

and the dynamics in a standard form,

)

0qq
ot

= A(qu)ga + Bu+C (4.49)
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Chapter 5

Controller Design

5.1 Model Predictive Control

A conventional discrete time MPC formulation is used to solve Equation (4.49)) for the control
history w(t). We assume the state if fully and exactly observable, and there are no external
disturbances. The solution is derived over a prediction horizon 7, that is split into N intervals.

k=N-1

1 1 1
minimize féqéVTPc?qflV + Z 75q§TQ5q§ + ~ou" Rouk (5.1a)
k .k 2 2 2
q,,uv k=0
subject to  6g° = dqao (initial condition), (5.1b)
k= f(¢",u*) VEk=1,..N —2, (dynamics), (5.1c)
ouy € [ur, uy] Vk=1,..N —1, (control limits) (5.1d)

where Q > 0 and R > 0 represent the cost function weights on the state and control inputs,
P > 0 is the cost on the terminal state within the prediction horizon and 6q, = gu — qa,rey
and 0u = u — U,y represent the deviations of the state and control input from a reference
state and control input. The reference states are chosen to be a fixed point of the system, ie

qa = f(qa,refaua,ref) = 0.

While the discretisation time step for determining the control inputs is of length ¢5 = NT—_’;l, the
dynamics (Equation ) are solved for using a more accurate Runge Kutta-4 integration of
the system dynamics Equation . This optimisation problem is solved using the parallelised
multiple shooting method which has desirable computational speed [16]. The code is implemented
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using MATLAB, and a listing is available on GithubE]

Algorithm 1: Overview of method used to solve for optimal control

Result: Optimal control history w(t)
Define problem parameters;
Load Mode shapes (precomputed offline);
Normalise mode shapes;
Compute coefficient matrices of Equation ;
Solve for gq ref, Uref;
Specify initial state q < gqo;
Specify initial guess for states over prediction horizon;
Solve for initial displacement and rotations;
Define @, R, P;
for (t=0; t<ty; t=t+ts)do
(For each time step in simulation duration);
Reset BEGS Hessian estimate;
while ¢ > tolerance do
for (i=0; i< N;i++;) do
(For each shot);
Determine final state of shot;
Determine sensitivity of final state of each shot to start state and control inputs;
Determine sensitivity of total cost to start state and control inputs;
end
Define equality and inequality constraints;
Update Hessian estimate (using BFGS);
Solve quadratic program for new estimate of start states and control inputs;
€ + Estimate of constraint violation;
Update start states and control inputs;

end
Select u” and integrate forward one time-step (using RK4);

end

5.2 Design of Cost Functions

The cost matrices @, R, P fundamentally control the behaviour of the beam and are the focus of
this work. First the design of cost matrices with desirable convergence properties is presented.
Next the design of a controller that exploits the natural dynamics of quaternions is presented. In
the following chapter they are implemented and compared.

5.2.1 Stabilising cost function

By including the quaternion in the state we have introduced linearly unstabilisable modes about
the target reference state with g = 0. Intuitively this means that if the beam is at rest in
an equilibrium condition, a small perturbation of the orientation will either induce oscillatory
behaviour (for instance if the pendulum was in its downright position) or exponentially diverge from
the equilibrium condition (for instance from the upright position). Therefore, the matrices Q, R, P
must be chosen such that the non-linear controller can stabilise these unstable modes.

Artola [16] defines the required Linear Matrix Inequality (LMI) conditions to prove the controller
can bring the flexible pendulum to an upright state from a region around this unstable equilib-
rium position. In particular he decomposes the state into stabilisable and unstabilisable modes

Thttps://github.com/dev10110/Final_Year_Project
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dq = [w?,d")T and defines the MPC cost function

N-1

V(0qa,u) =Vi(q)) + Y _ 1(dqk, 6u") (5.2)
k=0

=w ' P,w+ ('wTPw'w + uTRu) 5.3

k;) 1 (5.3)

thus only penalising the stabilisable states, and can be written in the standard cost function
formulation of Equation . For this cost function (and appropriately chosen 3, P,,, Py, R, it was
shown that there exists a controller that can drive the final state to where both w” P,w and d* P;d
are bounded. Specifically we can chose the cost functions such that the former is (potentially) large
but the later is small. This means that the controller can bring the uncontrollable modes to a small
bound, and then asymptotically make the stabilisable modes arbitrarily small.

To avoid confusion, this cost function shall henceforth be referred to as the stabilising cost func-
tion.

The analysis however only proves this controller is stable for some region of initial states about the
reference state. In the next section, I propose a different cost function that makes no guarantees
of convergence, but produces desirable behaviour.

5.2.2 Orientation cost function

As demonstrated in the previous chapter, if a controller can impose a relationship between the
angular velocity and the vector component of the quaternion as

w

Sv = -

c

(5.4)

the quaternion will evolve towards the & = [1,0,0,0]” state. Since the angular velocity cannot be
directly controlled, a suitable controller might be expected to minimise the error,

tf w2
minimize / ’ &+ 7H dt (5.5)
u(t) 0 cll2

To define an similar controller over a flexible beam, I propose the averaged error over the length

of the beam,
tr
mlmmlze / /

The spatial integrand can be expressed in terms of the modal coordinates,

&(s,t) + (’t)

dsdt (5.6)

L
1 1 1
/ b+ -Elwt-wlE, + Swlw| ds (5.7)
0 | 2> ¢ c c

() (i) (iid) (iv)

29



where each of the terms are

L L
/O €0(5, )€ (s, )ds — €7 (1) /0 S(s)7®L d¢,5(s)ds| £(1) (5.8)
=¢&TQeet (5.9)
ol 1. g TaT ]
/ ESU (s,t)w(s,t)dL@:Eé (t) / S(s) Qe Oy Prids| qui (5.10)
0 0
1
= EﬁT[wa]iQh‘ (5.11)
Ly 1., r
(741) / - Vg, (s, t)ds = | =€ [Qewliqui (5.12)
0 g c
| 1 Lo
\/0 62 (S t)d = §QIZ \/0 ¢1iq)wq)w¢ljds qu (513)
1
= CjQM[wa]iquj (5.14)
where ®¢, = [0, I3] € R*** selects the vector component of the quaternions, and ®,, = [0, I3] €

R3*6 selects the angular velocity components of the g; states. Note [Qg,]; refers to the i-th column
of Q¢ For simplicity I have assumed c is a scalar constant, although the extension for ¢ being
state, space and/or time dependent is trivial.

Therefore, the cost weights @) can be written as

#Quw 0 Q% 0] [ @
0 0 0 0 q2
T T T ¢T T
. Qaa = Tpoee 5.15
q,Qq [Ch Q@ & b } %ng 0 Qgg 0 ¢ ( )
0 0 0 0 Thase

Based on the structure of Equation (5.15) we can make a few observations:

1. There is no weighting on the ¢o states - this controller will make no effort to bring the
sectional forces and moments to their target values. As we will see later, this means that the
strain energy is only dissipated through damping, not due to the controller.

2. There is no weighting on the .. states - we expect that this controller will not have any
tendency to being the base back to the origin.

3. The value of ¢ will have an important effect in the response of the controller. For large
¢, the cost on the angular velocity states is removed. Effectively this means that we loose
information on the beneficial coupling between £, and w. The controller will try to minimise
the vector component of all the quaternions without information on how they are related.
Furthermore, if ¢ is not of an appropriate order of magnitude, the controller (as we saw in the
rigid body case) would spend effort in slowing down or speeding up the angular velocity. It is
reasonable to assume that the appropriate value of ¢ therefore depends on model parameters,
initial conditions and material properties of the beam.

Before proceeding to numerical simulations of this new cost function, inspecting the numerical
values of @ provides further insight. Two modifications are made to the cost function to increase
numerical stability, and a hybrid cost function including both the stabilising controller and the
orientation based controller is introduced.

Modification 1: Removing Modes 8 & 9

To understand an appropriate order of magnitude for the controller cost ¢, Figure [5.1] shows
graphically the weights of the controller for different values of c. Initially, it seems that the
choice of c has little impact on the weights, as two particular weights QJs g and QQg9 9 dominate the
weighting matrix completely. This makes sense as the angular velocity of the normalised 8th and
9th mode shapes have extrema of order 150 rad/s (Figure , while the quaternions states have
order 1.
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However the angular velocity of modes 8 and 9 represent the rotations about the e; axis, which are
not directly controllable. As such, removing them from the simulation will aid in the numerically
stability of the controller. This produces the ‘modified’ cost function @04, which sets Qg g, Q9.9 to
0, and is visualised in the second row of Figure 5.1} The performance of the controller for different
values of ¢ will be discussed with the results.

c=0.1 c=1 c=10
[ 1 ! 1 ! 1
a b C
q1 qz & Xbase q1 qz a Xbase q1 q2 E Xbase
% s s s
@) 9,
13
L Xbase
_d e f
a,
. | | |
©
@] q,
2
e
3
Xbase
[ Ia—ee |

-1 -0.5 0 0.5 1

Figure 5.1: Visualisation of the cost matrices. (a,b,c) show the orientation based cost matrix, and
(d,e,f) show the modified cost matrix. Each matrix is normalised by its 2-norm. The dark lines
across the images show the block-matrix divisions of Equation (5.15).

Modification 2: Removing Mode 23

When deriving the stabilising cost function, we established that it only places a cost on the sta-
bilisable modes of the beam. If the orientation based controller makes no such assumption, does
it try to stabilise the unstabilisable modes?

Figure [5.2] shows the sparsity pattern of both matrices. We can see that the stabilising controller
has many more non-zero weights than the orientation based controller, in particular it also responds
to g and @pese. Furthermore, most of the weights for the orientation based cost function lie on
the stabilisable modes identified by the stabilising cost function.

Only mode 23 has weights in the orientation based controller where the stabilising controller does
not. This mode refers to the e; component of the quaternion describing the orientation of the
base - the axial twist of the beam at the base. However as this is fixed in the problem (as a
boundary condition), it should not have an impact on the convergence of the controller. Indeed,
looking over the simulations (next chapter) we can see that mode 23 has small activations of order
10~%. For numerical reasons, the weights dependent on mode 23 can be removed before running
the optimisation problem.

In the next section, I discuss hybrid cost functions that include both the stabilising @ and the
orientation based ) and how they compare.
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Figure 5.2: Sparsity of cost matrices. Each blue dot indicates the entries of the stabilising cost
matrix that are non-zero, and each red dot corresponds to those of the orientation based controller.
Only weights associated with mode 23 are non-zero in the orientation based controller but not in
the stabilising cost matrix. ‘Non-zero’ is defined as |(Q;;)| > 10712

5.2.3 Hybrid Cost functions

As noted earlier, the orientation based controller makes no effort to bring the base to the origin or
to stabilise the ¢y states or the rigid body motion. As will be demonstrated in the next chapter, we
observe such behaviour numerically. Thus, a hybrid controller is desirable - away from the upright
condition, the MPC should use the orientation based controller to drive the flexible pendulum
towards an upright condition. Once close to the upright condition, the stabilising controller can
be used effectively to bring the pendulum to the desired final state.

This can be implemented directly in code using conditional statements. We could define a small
region around the upright condition and switch cost functions midway during the simulation from
the orientation based controller to stabilising controller. There are a few limitations though: (1)
this terminal region would need to be defined rigorously, (2) a sudden switch in the controller cost
function will not produce a smooth transition, and it is likely that a sudden change in the applied
force will destabilise the orientation of the pendulum (3) if only the orientation based controller is
used outside this terminal region, the pendulum could drift very far from the the origin - far enough
to not be able to reach the terminal region. Artola [16] rigorously defines a condition that can
be checked to see if the stabilising controller will converge and thus limitation (1) can be solved.
However limitation (3) was frequently observed in simulations that attempted this scheme.

Instead, a hybrid cost function that is not changed during the simulation is desirable. A simple
normalised sum of the two cost functions can be defined

thbm’d _ fs Qstab'il‘is'ing +fo Qorlientat‘ion,mod (516)
‘ |Qstabzlzszng | |2 | |Qomentatzon,mod| |2

where f; and f, represent scalar weights that will be tuned in the next chapter, and the modified
orientation based controller is used.
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Chapter 6

Numerical Results

In this chapter the results and insights gained through a numerical study are discussed. Since
of primary interest is the design of the cost function, comparing different simulations on the
convergence or final value of the cost function is irrelevant. Instead, we have physically desirable
behaviours: the controller must bring the pendulum from a downright to an upright position. It
is desirable for this to occur with minimal control effort, requiring as little volume (equivalent of
the rail length for classical cart-pole problems) and as quickly as possible, both in physical time
and the computation time. Furthermore, as the beam is flexible, we also need the beam to be
‘straight.’

In the first section I define these figures of merit precisely. Next, the simulations performed are
presented, and the following key results are identified and supported:

1. The orientation based controller is able to bring the pendulum to an upright configuration
2. The controller strength ¢ controls the time taken to make the pendulum upright

3. Fusing the stabilising controller with the orientation based controller is beneficial

6.1 Figures of Merit, V'

e Control Effort

The control input is the (linear) force acting at the base, f,. I define the controller effort in
the traditional sense,

1

ty
Vo= [ lfu = Furesllit (6.1)
fJo

Since the maximum controller input was bounded for all simulations, f,; < 10N, i=1,2,3,
it is not included as a figure of merit.

o Simulation Bounds

A significant challenge of controlling the traditional cart-pole is the bounded rail length. In
this 3D extension to the cart-pole, the volume in which the base moves maybe considered an
equivalent figure of merit. However as the simulations lie in the e, e3 plane, we will define
two figures of merit based on the minimum area required: (1) the minimum rectangular area
needed to contain the base of the simulation and (2) the maximum distance the base gets
from the origin, over the simulation duration.

Viect = (max (21,pase(t)) — min (21 pase(t))) X (max (3 pase(t)) — min (z3pase(t))) (6.2)

VinaxDist = max ||mbase (t)H 6.3
o ‘Uprightness’ of the beam
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The ‘uprightness’ of the beam is measured as the space-averaged Euler angle. Its normalised
by 7 such that uprightness is defined between [0, 1]

L
Vuprightness(t) = %/0 1- @ds (64)
0(s,t) = 2arccos(P¢oS(s)€(t)) (6.5)

where ®¢o = [1,0,0,0] selects the first component of the quaternion. In the tables the final
uprightness is reported.

e Time to upright

Wi, up is defined as the time it takes for the uprightness (as above) to be greater than 0.90
for all future time.

o Simulation time

A relative measure of time for computation is assessed, normalised by the first simulation.
Since the first time step in the MPC usually takes much longer than the rest, the first (V4 sim1)
and the average of the remaining iterations (V;, sim Avg) is provided.

The full set of simulations and figures of merits is listed in the appendix. The relevant simulations
will be highlighted in the next sections.

6.2 Orientation based controller is able to orient the flexible
pendulum

Figure demonstrates the performance of a controller using only the orientation based cost
function. We can see the controller is able to make the pendulum upright in a short (~ 0.5 sec-
onds) period of time (Figs a, ¢). The controller pushes the beam (in the global frame) to the
right and then brings the base down thus inverting the pendulum. Intuitively this resembles the
behaviour a human might execute, if they did not have any torque control at the base, as is in our
simulations.

Fig b shows the control history required to execute this manoeuvre. E| We can see large, rapidly
changing changes in the control history at each timestep. These perturbations continue after the
magnitude of the control forces has reduced for ¢ > 1.5 seconds. The initial vibrations are necessary
to explain the behaviour near the origin. The base starts moving to the left, which causes the tip
to curl backwards (snapshots 1-3 of Fig a). However soon after, the tip accelerates further to the
left than the base, and allows the bar to swing up anti-clockwise. This can only be explained by
the base slowing down (in the e3 direction) and moving downwards, increasing the curvature in
the beam (snapshots 4-6). This is the sign change in ugz seen at ¢t = 0.3 (Fig b).

Inspecting the states at ¢ > 1.5 seconds, it seems that they represent little pressure waves along the
beam’s elastic axis. Tightening the simulation tolerances reduced this slightly, but the high fre-
quency oscillations were not suppressed. The reason for these waves warrants further investigation.
My initial hypothesis is that the controller may be exploiting a known stabilising method for rigid
linked pendulums: by vibrating the pivot point at a sufficiently large frequency and amplitude, a
multi-pendulum with finite number of sections can be stabilised about the inverted positiorﬂ [20].
This theory’s extension to flexible beams has not yet been established.

Fig c shows the scalar component of the quaternions at three tracked locations along the beam.
While the shape and timescales are similar to the expected results from Section [3.4] later results
will show that the the timescales do not match that of the analytic results. This makes sense, as
the controller does not reach a situation where &, = —w/c for ~ 1 seconds (Fig d) by which time
the pendulum is already upright. The norm of the errors (Fig d) shows that even though the error
at the tip and mid sections is almost twice that of the error at the base, they converge to their
final values in the same amount of time.

1 As these represent the forces in the local frame of reference of the base, they do not visually correspond to the
movement of the base in Fig a.
2Video summary by Mould, 2014: https://www.youtube.com/watch?v=gnn21smGVrQ
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Figure 6.1: Performance of orientation based controller. (a) Visualisation of base path (crosses)
and beam shape (lines) over first 2 seconds. Pendulum starts in the down position (red) at the
origin, and tends to a constant velocity (blue). Each snapshot represents 20 ms. (b) Control
history for this simulation. u,e; = [go,0, 0]7 represents the input force to counter gravity when in
an upright configuration. (c) Evolution of the scalar component of the tracked quaternions. The
beam is upright in about 0.5 seconds. (d) Error in the objective function at each of the three
tracked locations. Parameters: @ = Qorientation, ¢ = 10. (Simulation 9)
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Finally, we can see that the pendulum converges into a state where it has a non-zero velocity to
the lower left. This is reasonable as the controller has no penalty on the linear velocity states.
Furthermore, we can observe the control input (Fig b) and the norm of the quaternion error (Fig
d) are non-zero 5 seconds into the simulation. These have two causes: (1) since the velocity and
g2 states are not penalised by this controller, the total energy in the beam is constantly oscillating
between linear kinetic energy, strain energy and rotational kinetic energy, but the controller only
seeks to suppress the rotational kinetic energy. (2) numerical artefacts from the integration schemes
used.

These limitations are addressed by the hybrid controllers, presented next.

6.3 Hybrid Controller Performance
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Figure 6.2: Performance of hybrid controllers. Each row represents results from increasing fraction
of Qstavitising compared t0 Qorientation- (8, d, g, j) The first column shows the path of the base and
the beam shapes. Beam shapes are shown as snapshots, from the start (red) to the end (blue) in
increments of 20 ms. For clarity, only the first and last 0.5 seconds are shown. (b,e,h,k) The second
column shows the control history. (c,f,i,]) The third column shows the tip quaternion history.

Table 6.1: Comparison of hybrid controller performance. f; and f, denote the relative weights
of the stabilising and orientating controllers (Equation (5.16))). Full table of parameters is in the
appendix.

Sim Index ‘ fs fo ‘ Vau Vuprightness Vt, upright ‘/rectangle VinaxDist ‘/t, sim1 ‘/t, sim avg
9 0 1| 1.47 1.00 0.60 - - 433.1 3.3
12 0.01 1] 1.32 0.97 0.59 7.56 3.34 310.0 6.7
11 0.1 1| 1.75 0.96 0.58 2.43 2.63 168.8 10.1
10 1 0| 2.09 0.92 1.99 1.66 2.18 503.6 5.0
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Hybrid controllers allow the algorithm to simultaneously achieve two desirable behaviours - quick
and efficient uprighting, and the ability to bring the beam towards the origin with damped velocity
and strain modes. Figure shows the behaviour of the controllers as the relative importance of
Qorientation and Qstabilising are changed, going down the figure. Across each row, we see snapshots
showing the initial behaviour of the controller and the final resting condition after 10 seconds (figs
a, d, g, j). By introducing even a small amount of Qsiapitising We can see the final state of the
beam is upright and only 2.5 meters away from the origin (fig d). This position is not at the origin,
as there is a local minima for the optimiser, where it prefers to remain a distance away from the
origin and not induce the velocity costs of trying to move to the origin. These offsets could easily
be removed by introducing an integral error term as in PID controllers.

With greater weight on Qgtapitising the behaviour of the controller shifts - an oscillating controller
is seen. Such a controller is able to navigate the beam towards the origin while only roughly
maintaining the uprightness of the beam. As it approaches the origin, the controller attempts to
straighten the beam, but is struggles to do so easily (vibrations in &, are visible after the initial
0.5 seconds until about 3 seconds, fig 1). [}

Table [6.1] lists the relevant figures of merit. We can see that the final uprightness decreases as
more Qstabilising is introduced. Furthermore, the overall time to upright is significantly greater for
the controller with just the stabilising cost.

6.4 Choice of ¢

Table 6.2: Impact of controller strength on response. each row shows a simulation with a changing
controller strength c¢. Uses f, =1, fs = 0.1. Full table of parameters is in the appendix.

Sim Index ‘ c ‘ Vu Vuprightness ‘/t7 upright ‘/;ectangle VmaxDist Vvt, sim1 Vvt, sim avg
15 0.1 | 2.95 0.96 1.13 36.05 8.49 812.96 12.08
13 112091 0.96 1.12 35.05 8.36  1050.37 13.32
18 V6go | 1.56 0.97 0.64 9.78 3.36 224.46 8.24
12 10 | 1.32 0.97 0.59 7.56 3.34  309.96 6.75
14 30 | 1.98 0.97 0.39 5.25 3.65 1043.37 8.66

The controllers are all able to make swing the pendulum to an upright position, to a similar
uprightness measure Viprighiness- As we increase the controller strength, we can see the time
required to reach the upright state is decreasing, but is not decreasing as 1/c¢ as predicted by the
analytic calculations Equation (3.26]). This is expression would be only be true if the state satisfied
&, = —w/c in a timespan much shorter than the timescales of the dynamics, as mentioned earlier.
Furthermore, for small ¢ cases, the controller is capped out at the maximum control inputs. For
very large ¢, we can see very high frequency changes in the force input, and demonstrates that if
c is too large, numerical issues become apparent and simulations with much finer timesteps are
likely required to resolve the behaviour.

For the range of simulations performed, controller strengths of ¢ = /6gg and ¢ = 10 provided
similarly high-performing results on controller effort and simulation time. This parallels the rigid
pendulum case where ¢ = 1/6gg was shown to use the open-loop dynamics of the pendulum to its
advantage. Since the flexible pendulum has the same mass properties as the rigid pendulum, a
similar controller strength can be expected to show good results. The computation times for these
simulations was also the shortest (by at least a factor of 2) which suggests that the optimiser did
not have to re-optimise the trajectory multiple times during each iteration of the MPC.

It is also interesting that the control effort V,, is lowest for these two simulations. Further inves-
tigation would be needed to understand if this minima holds if more simulations are performed,
and if other the parameters (R, Umaz, tp, €tc) are also varied.

3The summary images in the appendix may be useful to verify this.
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Figure 6.3: Impact of changing the controller strength ¢. (a-e¢) show the beam path and snapshots
of the beam. The colour indicates time, starting at red and ending at blue. Each snapshot shows
20 ms. (f-j) show the required control history and (k-o) show the tip quaternion’s scalar component
against time. f, =1, f¢ = 0.1 for these simulations.
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Chapter 7

Conclusion

7.1 Contributions

In conclusion, this work uses an insight into rotational dynamics to define a controller that implicitly
can rotate a body to a known state. The controller’s behaviour is firs investigated in the rigid
body case as a motivator, demonstrating that this single control scheme can behave like an energy
shaping method far from the inverted state, but also reduces to the stabilising LQR solution near
the inverted state.

Applying this to a flexible beam, this work presents for the first time, the full swing up control of
a very flexible pendulum using a geometrically exact description of the beam.

7.2 Future Work

In this work, the impact of controller strength and the hybrid cost functions was the focus. As noted
in the above sections, there still remain many open questions on the performance and behaviour
of these controllers. Of particular importance I believe, are

1. impact of introducing a large controller input penalty (R),

2. behaviour of a hybrid cost function that primarily penalises the location of the base rather
than USing Qstabilisingﬂ

3. a more detailed study of the implications of choosing/shaping the controller strength ¢,
including time, state or spatial location dependence,

4. impact of different levels of beam compliance, or mass distribution

5. the controller’s robustness to modelling errors and disturbances introduced during the sim-
ulation

6. the extension of this problem to match a target orientation of the tip (instead of simply being
upright), and therefore allowing end-effector control in soft robotic manipulators.

IThis was briefly explored. While the base location is easily penalised under the current formulation, it was
extremely important to balance the relative weight of the penalties - if the penalty is too small, the controller
establishes local minima where the beam is upright but far from the origin, and if the penalty is too large, the
optimiser often fails to find a solution. The simulation times were also much greater than the other simulations,
and therefore more work is needed to understand if this is a suitable approach.
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Appendix A

Code: Rigid Pendulum Optimal
Control

The rigid pendulum optimal control problem was solved using OpenGoddard which implements a
Legendre-Psuedospectral scheme. It was chosen for its simple Python interface. The code is listed
below.

import numpy as np
from OpenGoddard.optimize import Problem, Guess, Condition, Dynamics

class Beam:
won

Defines a simple rigid beam of uniform mass distribution.

nwnn

def __init__(self):
self .mu = 1 # mass per unit length
self .L = 1
self .M = self.mu*self.L
self.g = 9.81
self.I = self.mu * self.L*x3 / 3

self.copt = np.sqrt(6*self.g)

def dynamics(prob, obj, section):
th = prob.states(0, section)
thd = prob.states(1l, section)
F1 = prob.controls(0,section)

dx = Dynamics (prob, section)
dx[0] = thd
dx[1] = (obj.M * obj.g * obj.L * np.sin(th) / 2 + F1) / obj.I

return dx ()

def equality(prob, obj):
th = prob.states_all_section(0)
thd = prob.states_all_section(1)

result = Condition ()

# initial conditions
result.equal (th[0], np.pi)
result.equal (thd[0], 0)

final conditions

(only used for the minumum torque case)
result.equal (th[-1], 0.0)

result.equal (thd[-1], 0.0)

H OH KRR

return result ()

def inequality(prob, obj):
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tf = prob.time_final(-1)
result=Condition ()

# lower bounds
result.lower_bound (tf, 2)
result.upper_bound (tf, 10)

return result ()

def cost(prob, obj):
return 0.0

def running_cost (prob, obj):

th = prob.states_all_section(0)
thd = prob.states_all_section(1l)
F1 = prob.controls_all_section(0)

c = obj.copt
return (np.sin(th/2) + thd/c)**x2 + 1le-6*F1*x2

def display_func():
tf = prob.time_final(-1)
print (£"tf: {tf:.5f}")
return

### define problem parameters
time_init = [0.0, 4.0]

n = [100]

num_states = [2]

num_controls = [1]
max_iteration = 80

prob = Problem(time_init, n, num_states, num_controls, max_iteration)
obj = Beam()

prob.dynamics = [dynamics]
prob.knot_states_smooth = []
prob.cost = cost
prob.running_cost = running_cost
prob.equality = equality
prob.inequality = inequality

# define initial guess

zeroGuess = Guess.linear (prob.time_all_section, 0,0)
thGuess = Guess.linear (prob.time_all_section,np.pi, 0)
prob.set_states_all_section(0, thGuess)
prob.set_states_all_section(1l, zeroGuess)

## solve the optimal control problem
prob.solve(obj, display_func, ftol=1e-8)

## save the solution

th = prob.states_all_section(0)
thd = prob.states_all_section(1)
F1 = prob.controls_all_section(0)
time = prob.time_update ()

np.savez (’output’, th=th,thd=thd,F1=F1,t=time)
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Appendix B

Full Simulation Results
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1534

Table B.1: Summary of simulation results

Sim Index & fs fo Modified Qo? Tolerance Vu Vuprightness ‘/t,upright V}ectangle VmaXDist Vvt, sim1 Vvt, sim avg
5 10 0 1 True 0.01 | 1.08 0.947 0.61 17.22 4.14 55.79 1.66
9 10 0 1 True 0.001 | 1.47 0.998 0.60 645.69 44.14  433.13 3.30
15 0.1 0.01 1 True 0.001 | 2.95 0.962 1.13 36.05 8.49 812.96 12.08
13 1 0.01 1 True 0.001 | 2.91 0.962 1.12 35.05 8.36  1050.37 13.32
16 1 0.01 1 False 0.001 | 1.56 0.951 0.45 6.11 2.43 202.78 2.83
18 7.672 0.01 1 True 0.001 | 1.56 0.970 0.64 9.78 3.36 224.46 8.24
1 10 0.01 1 True 0.01 | 1.12 0.943 0.59 14.89 3.82 87.93 1.66
12 10 0.01 1 True 0.001 | 1.32 0.968 0.59 7.56 3.34 309.96 6.75
17 10 0.01 1 False 0.001 | 1.47 0.935 0.42 3.06 2.67 118.31 3.21
14 30 0.01 1 True 0.001 | 1.98 0.972 0.39 5.25 3.65 1043.37 8.66
2 10 0.1 1 True 0.01 | 1.48 0.961 0.57 4.26 2.71 125.72 1.86
11 10 0.1 1 True 0.001 | 1.75 0.958 0.58 2.43 2.63 168.83 10.05
3 10 1 1 True 0.01 | 1.80 0.942 0.46 1.76 2.27 143.40 2.13
6 10 1 0 True 0.01 | 1.90 0.920 0.37 1.67 2.19 144.71 1.97
10 10 1 0 True 0.001 | 2.09 0.919 1.99 1.66 2.18 503.61 4.97
4 10 10 1 True 0.01 | 1.97 0.937 0.45 1.75 2.20  508.91 3.00
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Appendix C

Catmull-Rom Interpolation for
quaternions

The derivation of the Catmull Rom interpolation extends https://qroph.github.io/2018/07/
30/smooth-paths-using-catmull-rom-splines.html and https://en.wikipedia.org/wiki/
Cubic_Hermite_spline#Interpolation_on_the_unit_interval_with_matched_derivatives_at_
endpoints

Any polynomial spline (parameterised by t) through a set of M N-dimensional points can be
written as

p;(t) = wi(t)pi (C.1)
using Einstein notation for ¢ = 0,1,...M and j =0,1,2...N
A Catmull-Rom interpolation uses a cubic spline, with matched points and derivatives at each

control point. Therefore we can write the spline between any two points p1, p2 as a weighted sum
with the neighbouring points,

p(t) = a(t)po + b(t)p1 + c(t)p2 + d(t)ps (C.2)
for ¢ € [0, 1] where we need
p(0) =m (C.3)
p(1) =m (C.4)
m(0) = b2 ;po (C.5)
m(1) = BB (C.6)

where m represents the derivative at the central knot points.

Solving for the coefficients a, b, ¢, d we can write

0 1 0 0 Do
—5 0 S 0 p1
2s s—3 3—2s5 —s| |p2
—-s 2—s s—2 s p3

(C.7)


https://qroph.github.io/2018/07/30/smooth-paths-using-catmull-rom-splines.html
https://qroph.github.io/2018/07/30/smooth-paths-using-catmull-rom-splines.html
https://en.wikipedia.org/wiki/Cubic_Hermite_spline#Interpolation_on_the_unit_interval_with_matched_derivatives_at_endpoints
https://en.wikipedia.org/wiki/Cubic_Hermite_spline#Interpolation_on_the_unit_interval_with_matched_derivatives_at_endpoints
https://en.wikipedia.org/wiki/Cubic_Hermite_spline#Interpolation_on_the_unit_interval_with_matched_derivatives_at_endpoints

For a centripetal Catmull Rom, we use s = 1/2, therefore

0 1 0 0 7 po
=00 e e q T gy W ] | ©8
~1/2 3/2 -=3/2 1/2 | |ps
22 —t1" [po
=3 | % D (©9)

3 — ¢ p3

which can be easily used when all four knot points are known. However in the boundaries, the pg
or p3 are not known. These can arbitrarily be chosen, although it will change the shape of the
curve.

One possible assumption we can make is that pg = p; on the left boundary and ps = ps on the
right. This gives us a modified linear combination at the boundaries

Drete (t) = (a + b)p1 + cp2 + dps (C.10)
Pright (t) = apo + bp1 + (¢ + d)p2 (C.11)

However this does not treat the boundaries well. Instead, we can define the points as py =
3p1 — 3p2 + p3 on the left and p3 = 3pa — 3p1 + po on the right. This gives us

Dlets(t) = (3a + b)p1 + (=3a + ¢)p2 + (a + d)ps (C.12)
Dright(t) = (a + d)po + (b — 3d)p1 + (¢ + 3d)p2 (C.13)

Both methods seem to be rather similar, but the second one is more accurate.

The extension to multi dimensional p is straightforward. Demonstrating the 2D case,

pa(t) = a(t)pao + b(t)par + c(t)paz + d(t)pas (C.14)
p5(t) = a(t)ppo + b(t)pp1 + c(t)pp2 + d(t)pp3 (C.15)

where A, B represent components of each dimension of p. Therefore when we stack these together,
we get

Pao
PBo
pa1
b (C.16)
pA2
PB2
pbA3
|PB3 |

G
SV
| I
—
S~—
Il
1
=)
e o
o o
S O
oo
oo
o o
=

Therefore in general we have for a d dimensional point p,

Do

p(t) = [at)la b(t)Ig e(t)a d(t)1d] 7;; (C.17)

5(t) D3

where the coefficients get modified at the edges appropriately.
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