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EXPANDED ABSTRACT

its robustness and reduce its dependence on model accuracy. By absorbing the design

concepts of other advanced control algorithms, firstly, based on the discrete-time U-control
algorithm, a continuous-time (CT) U-model based dynamic inversion algorithm is proposed.
Then the CT U-control system design procedures are presented and explained step by step with
numerical and simulation demonstrations of the linear and nonlinear U-control system design
examples. Secondly, the U-control algorithm develops two mainstream nonlinear robust control
algorithms, disturbances suppression and disturbances compensation, while maintaining its
system dynamic cancellation characteristics, including two-degree-of-freedom U-model-based
internal model control (UTDF-IMC), Disturbance observer-based U-control (DOBUC), sliding
mode enhanced U-control (U-SMC) and U-model based double sliding mode control (UDSMC)
algorithms. At the same time this study first developed and applied the U-control method to
a practical industry application: robust quadrotor trajectory tracking control. The proposed
UDSMC method and multiple-input and multiple-output extended-state-observer (MIMO-ESO)
established the quadrotor flight control system. The difficulties associated with quadrotor velocity
measurement disturbances and uncertain aerodynamics are successfully addressed in this control
design. A rigorous theoretical analysis has been carried out to determine whether the proposed
control system can achieve stable trajectory tracking performance, and a comparative real-time
experimental study has also been carried out to verify the better effectiveness of the proposed
control system than the classical SMC and built-in PID control system. This study is clearly
novel as the methods and experiments it proposed have not been researched before.

T his study aims to develop the classical model-based U-control design framework to enhance
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CHAPTER

INTRODUCTION

ynamic system modelling and control is a must in many high-tech engineering appli-

cations and is an interdisciplinary subject that crosses various technical boundaries.

Dynamic systems modelling is used to describe and predict the interactions over time
between multiple components of a phenomenon that is viewed as a system [31]. It focuses on
the mechanism of how the components and the system evolve over time. Controlling is the
managerial function of planning, organizing, implementing and directing. It helps to check errors
and take corrective actions during project/machine operations. The control solution quality is
increasingly critical in system operations that ensure the optimal performance of controlled
products and processes. For example, the quality of the aircraft controller determines the stability,
anti-interference ability and accuracy of the aircraft in flight [9]; one more, the vehicle controller
also determines the energy saving, cruise manipulability and obstacle avoidance capability of
autonomous driving [37]. In regarding the dynamic model structures, even linear models have
been widely used as approximations to real plants/processes (almost all are subject to nonlinear),
nonlinearity is the most challenging issue in control system analysis/design. It is believed that
academic research has been at the front of improving nonlinear control system design. This PhD

research takes nonlinear dynamic models as the research background.

1.1 Research motivation

In the process control community, especially in petroleum, chemical, and metallurgical industries,
production processes are generally influenced by external disturbances such as variations of
raw material quality, fluctuations in production load, and variations of the complicated pro-
duction environment. In addition, the interactions between different production processes are

always sophisticated and difficult to analyze precisely. These factors and their composite actions
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usually result in significant degradation of the production quality of these processes [18]. In
the mechanical control community, including industrial robotic manipulators [36], motion servo
systems [49], maglev suspension systems [110], etc., the control precision is generally affected by
different external disturbances, such as uncertain torque disturbances, variations of load torque,
vibrations of the horizontal position of rail track, and pivot frictions. Moreover, the control perfor-
mances of these mechanical systems are also subject to the effects of internal model parameter
perturbations caused by the changes in operating conditions and external working environments
[18, 36, 49, 110].

As analyzed above, unknown disturbances and uncertainties widely exist in various engineer-
ing control systems. The existence of these uncertain factors has great side effects on practical
engineering systems. The problem of disturbance rejection is an everlasting research topic since
the appearance of control theory and its applications. Since no direct disturbance rejection design
is considered, the traditional control methods, such as proportional-integral-derivative (PID)
and linear quadratic regulator (LQR) controllers, may be unable to meet the high-precision
control specifications in the presence of severe disturbances and uncertainties [42]. The essential
reason for this is that these traditional methods do not explicitly take into account disturbance

or uncertainty attenuation performance when the controllers are designed.

Therefore, the development of advanced control algorithms with strong disturbance rejection
properties has great importance to improve the control precision and of course the production
efficiency of practical engineering systems. Due to the significance of disturbance attenuation,
many elegant advanced control approaches have been proposed to handle the undesirable effects
caused by unknown disturbances and uncertainties since the 1950s, for example, adaptive control
(AC) [89, 90], sliding mode control (SMC) [98, 101], disturbance-observer-based control (DOBC)
[14, 117], extended state observer (ESO)-based control [54], active disturbance rejection control
(ADRC) [42], internal model control (IMC) [26, 84], uncertainty and disturbance estimator (UDE)-
based robust control [77]. However, many practical systems, e.g., chemical reactions and PH
neutralization, are inherently nonlinear, and their input variables may not be expressed in an
affine form. Indeed, the control of these nonaffine nonlinear systems is not only of practical
interest but also academically challenging, because of the lack of mathematical tools. To control
nonaffine nonlinear systems, the performance of the above control methods [26, 84, 89, 90, 98, 101]
is limited or the features of the controlled plants are lost due to the non-affine part being treated
as unmeasured disturbance [14, 42, 54, 77, 117].

U-model is a derived control-oriented model set to map almost all classical models into their U-
model realization and converts classical models into controller output u based on model with time-
varying parameters [115] expressions. U-model establishes a platform for the solution of dynamic
inversion by solving roots of polynomial equations, which is more generally attractive compared to
the other ad hoc approaches/algorithms [125]. U-model based control [123] (denoted as ‘U-control’

in short), takes advantage of U-model in dynamic inversion with the following characteristics:

2



1.2. AIMS AND OBJECTIVES OF THIS RESEARCH

U-model based framework applies dynamic inversion to facilitate holistic control system design
and specifies transient and steady-state performance without the need for redundant work when
the plant model changes. The difference in U-control between linear models and nonlinear models
is the solution with the 1st order or higher order polynomial root solving. The difference in
U-control between polynomial models and state space models is the one-layer or multi-layer
polynomial root solving. U-control seamlessly integrates with many classical model-based design
approaches while enhancing their functionality.

The superiority of U-model has attracted a large number of scholars to conduct research. For
example, U-Pole Placement Control (UPPC) [121], U-General Predictive Control (UGPC) [35],
U-Neuro-Control (UNC) [129], U-Internal Model Control (UIMC) [47], U-Two-Degree-of-Freedom
IMC [53], etc. However, there are critical issues in dynamic inversion before making any designed
U-control system applicable in real situations. Because the inverter of the U-controller is highly
sensitive and dependent on controlled plants, most existing U-control approaches have assumed
that the plant model can be determined without errors or inaccuracies. Accordingly, U-control
must consider such robustness in its designed control systems. It should be noted that almost
all U-control still stays at its 1st stage of research — with the assumption of the model known
exactly, then put the focus on those fundamental structural issues.

From the aforementioned, due to U-model can seamlessly integrate with other control ap-
proaches, the main job of this PhD project is to expand the first stage developed results (perfectly
matched model-based control system design) into the second stage research (model with un-
certainties in analysis/design), that is, in robust control to deal with uncertain plant models
and reject system disturbance by combining with other robust control method structures or

techniques.

1.2 Aims and objectives of this research

From the aforementioned, this proposed PhD project is aiming at expanding the perfectly matched
model-based U-control system design into a robust U-control design with a mismatched model
plus external disturbance. Specifically, the main research questions for the project to answer are
listed below:

1. How to apply the IMC technology to reduce U-control system design dependence on the

model.

2. How to develop DOB based U-control system and expand it to a proper control system that

removes the limits of using linear DOBC to control nonlinear plants.

3. How to integrate U-control with sliding mode control, using sliding mode control to com-

pensate dynamic inversion error.
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4. How to further reduce U-control’s dependence on the model such as using sliding mode

control to design dynamic inversion independently.

How to apply U-control methods developed with some real-time industrial bench test
examples, such as a simple stand-alone inverted pendulum to complex UAVs and robots.
Hopefully, these validations can, in return, stimulate further theoretical studies and im-

prove their applicability.

According to the aforementioned questions, the major objectives to continue the process of

this project include:

1.

Take a critical review of up-to-date artwork on other advanced robust control methodologies
and structures and build up a reference database for developing robust U-control plat-
forms. The critical review will give a clear picture 1) what restricts these methods’ better
development or real-time applications, 2) what the bottleneck issues are in academia and

applications to wait for my PhD project to tackle or update.

Develop U-control platforms supported by sliding mode control (SMC), internal model
control, extend state observer (ESO), disturbance-observer-based control (DOBC), which
could facilitate to expand to accommodate U-robust control. Control mathematics will play
key roles in the derivations and prove associated performance/properties. Make comparative
studies with one or two leading representatives from classical model structures in terms of

efficiency, accuracy, and dynamic/static responses.

Develop the corresponding Matlab/Simulink simulation programs to make numerical
demonstrations from simple to complex, and linear to nonlinear. Discover and solve the
problems linked with the proposed control method from the bench tests. Make comparative
demonstrations with one or two leading representatives from classical model structures in

terms of efficiency, accuracy, dynamic/static responses (user-friendly manual and programs).

Extend the proposed control platform derived in objective 2 to deal with the model uncer-
tainty and external environment disturbances problems, provide performance/property
analysis and qualify the robust indices. Lyapunov stability analysis and small gain theorem
could be the pertinent reference for expansion. Make comparative studies with one or two
leading representatives from classical model structures in terms of efficiency, accuracy,

dynamic/static responses (two SCI journal publications).

Conduct Matlab/Simulink simulation demonstrations for U-control dynamic systems. Pro-
vide an integrated U-control framework to deal with both model uncertainty and external
environment disturbances problems. Make comparative demonstrations with one or two
leading representatives from classical model structures in terms of efficiency, accuracy,

dynamic/static responses (user-friendly manual and programs).
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1.3 Contributions
The contributions of this thesis are mainly:

1. Generalise U-model based dynamic inversion (UDI) algorithms for continuous-time lin-
ear and nonlinear controlled plants, present U-model-based control design procedure for
continuous-time dynamic plants in forms of linear/nonlinear and polynomial/state space
model. This application does not require the linearized process to nonlinear systems and is

illustrated by numerical and simulation bench tests.

2. Propose a general U-model-based Two-Degree-of-Freedom IMC (UTDF-IMC) structure for
controlling a class of open-loop stable polynomial/state-space modelled linear and nonlinear
dynamic plants. The new control system structure accommodates both linear and nonlinear
plants consistently and separates the tracking control filter design from the robust control
filter design. Analyze the designed UTDF-IMC control system properties to provide a
valid reference for future study expansions and applications, verify the control system
performance through benchmark tests of simulated case studies, and illustrate application

procedure from an industrial case demonstration.

3. Based on the UDI method, propose a new nonlinear DOB design method, extend the idea
of conventional frequency-domain DOB to be applicable to nonlinear systems, which can
integrate all external disturbances and internal modelling errors as system input errors.
Combining the strengths exhibited in U-control and this new nonlinear DOB to provide an
enhanced, fast-response, delay-free, and convenient design control framework, applicable to
all linear/nonlinear invertible controlled plants. The control system performance is verified

through benchmark tests of simulated case studies.

4. Inspired by high-gain theory, develop a novel U-model based inverter and U-control design
framework that only uses the input/output signal from the control system. Additionally,
because of the high sensitivity of the U-inverter to the system modelling accuracy and
system external disturbances, the proposed U-control design framework is combined with a
nonlinear DOB which also only requires the input/output measurements from the control
system to improve its robustness. The control system performance is verified through

benchmark tests of simulated case studies.

5. Proposal a new sliding mode (SM) technology enhanced U-control design framework (U-
SMC), which uses SM to design an inverter to compensate the modelling errors and system
external disturbances, accommodating both control-oriented model structure in the U-
control method and strong robustness against imperfect model representation in the SMC
method. Compared with classical SMC, U-SMC only uses SMC to realize the stability and

robustness design and the control performance design is completed by U-control, which

5
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is convenient for users to choose the system control performance by themselves. Also, the

control system performance is analyzed through benchmark tests of simulated case studies.

6. Propose a double sliding mode control (DSMC) scheme to establish a robust dynamic
inverter for the controlled plant, to cancel the plant’s nonlinearities and complex dynamics,
which removes the request of plant nominal model and eliminates chattering in the classical
SMC design by introducing sliding band (sliding surface plus sliding boundary). Bench

tests with computational experiments validate the analytical results.

7. Based on the proposed UDSMC, first apply the U-control method to a real-time application
(quadrotor control). Using UDSMC to propose a quadrotor decoupling algorithm, using
an indirect control strategy (position control by controlling the angle) turns the original
underactuated system into a fully actuated system. Extending the SISO implementation
and application of UDSMC to the MIMO system, based on Lyapunov stability, combining it
with MIMO-ESO provides a robust quadrotor flight control framework for flight control.
Comparative experimental studies with the built-in PID controller (come from the product)
and SMC method (advanced control algorithm) are involved to show the efficiency of the

proposed controller.

1.4 Structure of the thesis

This thesis is divided into seven chapters. It starts with an introduction to the research in
Chapter 1 and ends with conclusions drawn from this research in Chapter 7. Chapter 2 provides
the research background, CT U-model based dynamic inversion algorithm and CT U-control
design framework. Chapter 3 presents the design of U-model-based Two-Degree-of-Freedom IMC
(UTDF-IMC) framework. Chapter 4 presents disturbance-observer based U-control (DOBUC)
design framework. Chapter 5 presents a sliding mode enhanced U-control design framework.
Chapter 6 presents a quadrotor trajectory tracking control system using UDSMC and MIMO
ESO. Chapter 7 concludes this thesis. The outline of the thesis is as follows:

1. Chapter 1 introduces the research motivation, the project aims and objective, and highlights

the contributions of this research study.

2. In Chapter 2, Section 2.1 generalises U-polynomial and U-state space model sets, and
its associated step-by-step U-control design procedure. Section 2.2 generalises the dy-
namic inversion algorithms. Section 2.3 presents a series of computational case studies to
test/demonstrate the analytical results numerically and provides an effective procedure for
testing designed U-control systems with computational experiments. Section 2.4 presents
an industrial background case study from modelling, dynamic inversion, and U-control

system design to simulation.



1.4. STRUCTURE OF THE THESIS

. In Chapter 3, Section 3.1 presents the basis of using IMC and U-control for the next step
of development of the new UTDF-IMC system structure. Section 3.2 elaborates on the
principle of TDF-IMC structure and establishes the U-model based TDF-IMC (UTDF-
IMC) framework; consequently, it analyses the control system properties. Section 3.3
showcases two computational investigations to benchmark test/demonstrate the proposed
UTDF-IMC system performance. Then an industrial backgrounded permanent magnet
synchronous motors (PMSM) system is added to demonstrate the application procedure

and the comparative studies in Section 3.4.

. In Chapter 4, Section 4.1 states the excited issues of nonlinear system control using DOB
methods. Section 4.2 proposes a DOBUC design framework and performance analysis by
simulation experiments. Section 4.3 proposes an improved DOBUC method and takes

simulation experiments to illustrate and demonstrate the findings of the studies.

. In Chapter 5, Section 5.1 introduces the basic principles and concepts of the SMC method.
Section 5.2 presents the U-SMC system design framework and design procedures, and
its control performance is demonstrated by simulation experiments. Based on section 5.2,
section 5.3 proposes a U-model based double sliding mode control (UDSMC) method and

takes simulation experiments to illustrate and demonstrate the findings of the studies.

. In Chapter 6, Section 6.2 introduces the dynamical model of the quadrotor and control
problems for follow-up development. In section 6.3, the MIMO-ESO is derived to estimate
the unmeasured quadrotor’s velocities. Section 6.4 presents the UDSMC method first, then
comes with its quadrotor flight controller design procedures, coefficients designed principle,
and stability analysis. Also, it proposes a new decoupling algorithm for the quadrotor flight
operation. Section 6.5 presents the experimental bench tests, which show the experimental
setup procedure, design parameters of the involved control methods, and experiment results

to compare to demonstrate the efficiency of the proposed control system.

. In Chapter 7, conclusions are drawn to summarise the study and provided the proposed

future research to follow up this research study.






CHAPTER

U-MODEL BASED DYNAMIC INVERSION

he model of linear control system can be described by state space model-based and polyno-

mial model-based approaches, which have been well studied and are widely used [41, 85].

However, in an actual production process, nonlinear control is ubiquitous and more diffi-
cult as the superposition principle no longer holds, in contrast to linear systems, therefore, how
to design a standard-compliant nonlinear control system to match desired performance properly
is a hot issue. For nonlinear systems, a variety of analysis and design approaches already exist,
and the most commonly used method to design a nonlinear control system is still linearization.
However, the linearization method has certain limitations, and most linear control methods can-
not be applied to the design of nonlinear systems directly. For example, compared with the linear
polynomial model, nonlinear polynomial models, such as the Nonlinear Autoregressive Moving
Average with eXogenous inputs (NARMAX) model [6], have appeared widely in applications and
academic research publications [125], however, there is no systematic routine to convert it into

the equivalent state-space model.

Generally, there are three methodologies for nonlinear plant-model based control system
design, two widely used and one less attended. The first approach is using linear expressions to
describe the nonlinear state-space models by feedback linearization approach [48, 85], and then
designing this linear-expression corresponding control systems by linear state-space approaches,
which has been well studied in [41, 85]. However, this case-by-case method requires certain skills
in selecting the appropriate coordinate system and solving the equations requires extra effort.
Furthermore, this state-space linearization approach cannot be directly applied to nonlinear
polynomial models. The second method is to use a time-varying linear model to fit the polynomial
model, for example, the state-dependent parameter (SDP) transformation [20] method can use

specified (desired) poles to transform a nonlinear closed-loop control system model to a linear

9



CHAPTER 2. U-MODEL BASED DYNAMIC INVERSION

transfer function expression. In summary, it is clear that these approaches for designing a
nonlinear control system are trying to convert the original nonlinear system into a quasi-linear
domain system first, and then choose a proper linear control approach for the system. In the
model structure, the other variables in the system can also determine this quasi-linear SDP
transformation’s parameters [112]. The nonlinear polynomial model can be converted into a
time-varying linear state-space model by the second method, however, there are obstacles to
using this method because this design and transform procedure is not unique, that is, personal
and subjective for the selection of SDP models.

The third approach is the U-model based design, which is relatively new and less attended.
U-model is defined as a polynomial or state space function, with time-varying parameters, repre-
senting a class of smooth and analytic systems. In 1991, Zhu Quanmin et al [126] proposed the
use of a Newton-Raphson iterative algorithm for the root solving of the controller output function,
which provided a basic procedure for the design of controllers in the U-model. Research[121]
formally proposed the concept of U-model and established the U-model based control, U-control
in short, system design framework, which provides a general routine to convert smooth nonlinear
plant models into U-model. The U-model based design method can be recognised as converting
nonlinear models to time-varying parameter models associated with controller output u, that is,
linear control-oriented model structure.

Regarding the research status of U-model based control, the discrete-time systems have been
studied with more attention, especially the representative approaches including, the pole place-
ment control design method [121, 131], U-Smith predictor with input time delay [35], adaptive
U-control of total nonlinear dynamic systems [124], U-neural network enhanced control [129],
and underactuated coupled nonlinear adaptive control synthesis, using U-model for multivariable
unmanned marine robotics [47]. However, most U-control approaches have assumed that the
plant model can be detected without errors or inaccuracies. Therefore, designing an adaptive
U-model controller when the plant model is inaccurate, especially the robustness control, will
be a hotspot and difficult study area for intensive research. At the same time, there is very
little research on U-model based control system design for continuous-time systems so far [128].
Consequently, the main purpose of this study is to provide a pack of dynamic inversion routines
for U-model based continuous-time control systems.

Compared with methods 1 (linear model approximation) and 2 (time-varying linear model

approximation) aforementioned, the main contributions of this U-design method are

1. In dealing with nonlinearity, U-model-based design method does not require linearization
of the nonlinear models in advance. Instead, this nonlinear plant model-based system is

designed directly using linear design methods.

2. In methodology, using those well-studied linear methods to design nonlinear control systems

greatly reduces the complexity of the design procedure.

10
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3. In design, once the closed loop system output is specified, the only remaining work is to

calculate the output of the U model controller.

4. U-model-based control system design procedure is more general and effective for designing
a linearly behaved control system, which provides new insight and solutions to design the

controller.

5. U-control can be applied together with the other well-developed control system design
methods, such as pole placement control, sliding mode control, general predictive control,

adaptive, Smith predictive control and so on [100].

6. It should be noted that unless the plant model is accurately known, U-model dynamic

inversion is very sensitive to internal uncertainties, so the whole control system performs.
Accordingly, the main contributions of this study are:
1. generalize dynamic inversion algorithms for continuous-time U-model.

2. generalize U-model based control system design procedure for continuous-time dynamic

plants in forms of linear/nonlinear, polynomial/state space.
3. An industrial backgrounded study — U-control of a wind energy conversion system.

For the rest of the section, Chapter 2.1 generalises U-polynomial and U-state space model
sets, and their associated step-by-step U-control design procedure. Chapter 2.2 generalises the
dynamic inversion algorithms. Chapter 2.3 presents a series of computational case studies to
test/demonstrate the analytical results numerically and provides an effective procedure for
testing designed U-control systems with computational experiments. Chapter 2.4 presents an
industrial background case study from modelling, dynamic inversion, and U-control system

design to simulation. Chapter 2.5 concludes this study.

2.1 U-model and U-control system design

2.1.1 Polynomial U-model: single layer realisation

Consider a general continuous-time U-model [129] for Single-Input and Single-Output (SISO)
polynomial dynamic systems with a triplet of (y,u,A) and y,u € R for the output, input, and

parameter respectively at time te R™,

; .
J
Y=Y 4,0 1,Un-1,0)(u™), M=N 2.1)
j=0

where y* and u™) are the Mth and Nth order derivatives of the plant output y and the plant

input u, respectively. The time-varying parameter 1;(x) € R*, absorbs all the other terms in

11
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Yyo1=[y™, ™V . y] e RM, Un_q = [u™,u®D,... u] e RN with m <M and n < N being
derivative orders for y and u, and coefficients © associated with the input (u(N ))J. Here is an

example for understanding, consider a classical NAMAX polynomial model,
j=@-Dy+(1+yH)u+1+53)u+y+(y+5*)u® (2.2)
Then its (2.2) U-model realisation can be determined with

y:/l0+11u+/12u2+/lgu3
M=@-Dy+y

X AM=1+y2 (2.3)
/12=1+y2
A3 =y+y°

Inspection of (2.2) and (2.3), the U-realisation is straightforward generally. It should be remarked
that the U-polynomial is the same as its presented classical polynomials in the model properties,
but oriented expression for control system design [130]. The rational model is totally nonlinear
[125], and its polynomial expression is a ratio of two polynomials, that is:
N
o X0 Anj(Ya1-1,UN-1,0)fnj([u™)

SO0 _ M=N 2.4)
Y9 o Adj(Yur-1,UN-1,0)fa;(u™)

Where f,,; and fg; are vector functions of the control vector (u(N ))J in numerator and denominator,
respectively, A,; and A4; are the associated parameters vectors absorbing all the other terms in

the model. Here is a simple example of the rational model

_0.1y3 +sin(u)+0.5u®

1+cos(y)+u?2 (2.5)

Its U-model realisation can be determined with

 An0+ Anrsin(@) + Anou? + A,3ud
y= 3 (2.6)
/ldO + Adlu + /1d2u

where
Ano =0.1y3
n/(l) _1y Ago=1+cos(y)
= and Ag1=0 2.7)
Ano=0
Agz =1
A3 =0.5

2.1.2 State space U-model: multi-layer realization

Consider a general SISO CT state space model,

(2.8)

{ X=FX,u) )
y=H(X)
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where u,y€ R. F € R* is a smooth mapping to represent the input to the state X € R*, and
H € R is a smooth mapping to drive the states to the outputs. In this section, assume that there
are no unstable zero dynamics and that the state X can be obtained through measurement or

observation. Expand state-space model (2.8) into a multi-layer polynormal expression as follows:

%1 =F1(x1,%2,...,%,)
%o = Fo(x1,%2,...,%,)

3 : (2.9)

xn :Fn(xl,xZ,--wxn,u)

y = 'H(x].’xz’ M 5xn)
Convert state-space model (2.9) into a multi-layer U-model expression as follows

%1 =Y Aifixe)
Xo =37 Aoifai(xs)
4 (2.10)
Xp = Z?:o /lnifni(u)
y=X7 ohilx1,x2,...,%5)

For each line of (2.10), A,,; and f,,; are time-varying parameters absorbing all the other variables
and the U-basis function respectively. For illustration, consider a nonlinear SISO system state-
space model of
%1 =x1+0.5sin(x2)
Xo=-x1+Uu (2.11)
y=x1

Using the absorbing rule to convert (2.11) into a multi-layer U-model as

%1 = A10 + A11f11(%2)
%o = Ag0 + A21fo1(u) (2.12)

y=x1
where

{ Ao =x1, 411 =0.5, f11(x2)=sin(x2) (2.13)

Ao =—x1, Ao1=1, for(u)=u

2.1.3 U-control system design

Figure 2.1 shows the classical control system framework, where Gp is the plant model, which
could be linear or nonlinear dynamics and can be described by polynomial and state space models
[130]. Let G (not shown in the figure) be the closed-loop performance function, specified with ad
hoc applications in advance by designers and/or customers, r is the reference, which is the desired

output of the control system, e is the difference (error) between the output y and the reference r.
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r e G u G y»

Figure 2.1: Classical control system framework

G. is the designed controller. The main principles of this kind of control system design framework
are to generate a suitable control input signal u to drive the system output trajectory y following

a set of specified closed-loop performances (both transient and steady state).

| cl P | P

Figure 2.2: U-control system framework

Figure 2.2 shows the U-control system framework, in which G.1 is a linear invariant controller,
can be designed by G, = % while G1§1GlD =1, where G;,l is the controlled plant’s dynamic
inversion. It is clear that this invariant controller is only designed according to the gain of
the whole control system G, not the controlled plant Gp. U-control framework is applicable to
both linear and nonlinear structures as long as dynamic inversion GI_J1 exist. To explain the
control system design procedure, consider a CT SISO linear closed-loop feedback control system
framework with a set of (F,G.1,Gip),

Z:(F7G61>Gip) (2.14)

where G;p = G;lG p represents the product of the dynamic inversion and the controlled plant,
and F represents such control system framework.
In general, the U-control system design procedure has two separate steps:

1. Assume the plant model Gp is stable and bounded, and its inversion GI_J1 exists (the

controlled plant should be minimum phase and its dynamic response is not equal to 0).
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Figure 2.3: U-model based simplified control system

From Figure 2.2, the controller which is shown in the dashed line block has two parts: the
invariant controller G.1 and the plant’s dynamic inversion G;l. To facilitate the design of

G;l, convert plant model Gp into its U-model. Alternatively (2.14) can be expressed as
Y =(F,U(Gc1,G3'),G)p) (2.15)

where (Gcl,Gl_,l) is defined as U-controller. Determine G ;) to work out the controller output
u, which is the control input to the plant Gp. The eventual goal is to make plant output
equal to the invariant controller output: v = y, that is, to reach G;,lG p = 1 under the proper

dynamic inversion.

2. Design the invariant controller G.1. Figure 2.3 shows the U-control structure while
GI_)IG p =1 achieved. That is
Y =F,Ge1) (2.16)

This is a type of linear control system. Therefore, the desired closed-loop transfer function

G can be expressed as G = lfgcl' where G can be effectively designed with two significant
factors shaping linear system response, damping ratio { and undamped natural frequency
wy. Therefore, the invariant controller G.1 can be obtained by G.1 = % while Gl_,lG p=1.
As the invariant controller G.; design is independent of plant Gp, the U-control system
allows once-off design for all stable-nonminimum phase controlled plants, except designing

the inverter G;,l of the considered plant.

2.2 UM-dynamic inversion

Nonlinear dynamic inversion (NDI) is a generic control technique in nature, that is, improving
control performance through control system design. Currently, NDI has been a challenging
research issue and has practical significance in mechanical motion control systems, such as
turbines, robots, and flying vehicles [83]. The basic NDI calculation procedure is differentiating
the plant output equation results in N times to find the direct relationship between the input u

and Nth order derivative of the output y under the Lie derivative formulation [83]. However, NDI
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is very sensitive and unstable in case of model inaccuracies and mismatches. In order to combat
the uncertainty of the plant and improve the system robustness, Incremental Nonlinear Dynamic
Inversion (INDI) [83] and adaptive INDI [86] have been introduced in another complicated
formulation.

Different from the computational complexity of basic NDI under the Lie derivative expression,
this study converts the plant model into U-model realization in a systematic concise formulation,
which is generically applicable to both polynomial and state space equations. This also establishes
a foundation for the future development of robust UM-dynamic inversion. The U-model based
dynamic inversion (UM-dynamic inversion) algorithm is to obtain the input z by solving the root
from (2.1), that is,

J .

_ J

Gl = u®™ey™ -y 1,V 1,Un-1,0)(u™) =0 2.17)
Jj=0

For the solution to exist, the systems must be Bounded Input and Bounded Output (BIBO) stable

and have no unstable zero dynamics (nonminimum phase).

2.2.1 Algorithms for polynomial models

Using Laplace transform (S operator, y) = % < 'Y and [ [ydte éY ) to express a set of

general linear dynamic plants as

J=N 5 N-j _
— Zj:O Bjs _ ﬂ03N+ﬁ13N 1+...+ﬁN_18+ﬁN
M U= M M-1 U M=N (2.18)
ZJ._O a;sM-J aps” +asM T+ tay-1stay
J:

where Y and U are the Laplace transform of the output and input respectively, and M and N are
the orders (highest power) of the denominator and numerator functions respectively. Accordingly,

its (2.18) U-realisation is given as

1 .
J
Y =3 2j(Vu1,Un-1,0) (™) (2.19)
j=0
where
j=M-1 i j=N-1 )
Ao(Y-1,Un-1,0) = |- Y a;s¥y+ Y ﬁjs(N_J)U)/ao
J=1 J=1 (2.20)

0

M(¥m-1,Un-1,0) = bo
@o

Convert the operations into integral implementations by multiplying SLN on both sides of (2.19),

this gives

Yo Ai(Yu-1,Un-1,0)u

N

(M-N) _

y (2.21)

S
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where
Jj=M-1 G M-j  j=N-1 (N-j
Ao(Yy-1,Un-1,0)= |~ ), @, N Y+ Z ﬁjS—NU lag
J=1 J=1 (2.22)
_Po
M(Yp-1,UN-1,0) = —
ao
Therefore, the alternative U-model is
1 .
y M=) = Y A;(Yp-1,Un-1,0)u’ (2.23)

Jj=0

For nonlinear plants, consider the UM-dynamic inversion described in (2.17), and replace all

the derivatives with integrals through division by the output derivative order, which is formulated

as Mo
. 1 -J
Y = y<M>(;) (2.24)
where yV) = ‘(%’. Here is the practical implementation of (2.17),
27 oA (Y1, Un-1) (™)’
G = uey- 27 - -0 (2.25)
s

To illustrate the conversion to U-model from a nonlinear polynomial. Consider an example of
j=1-y2)y—u+@+yu+(1+5%)a?+ad (2.26)
In U-realisation, its derivative-based operation becomes
§ =N+ At + Agu® + Agu® (2.27)

where
/10=(1—y2)y—u
A= (1+y2+9?)
/12=1+y2
Az3=1

(2.28)

. N-i . i . . . .
Because u® =y )(%) “and u® = (fi—ﬁ, convert (2.27) into integration operation, the correspond-

ing U-realisation has form of

s2 s s s

2.2.2 Algorithms for state space models

For a general SISO linear CT state-space system model, it has

x=Ax+Bu (2.30)
y=Cx+Du '
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0 1 0
Where u,yeR,xeR", letA=| ... .. .. ... |,B=[00---11",C=[B1-+-Bn],and D =0.
_al oo —an
Expanding (2.30) gives rise to
X1 =X9
X9 = X3
{0 (2.31)
Xn=2?:1ajxj+u
y=20_1Bjx;

where x is the state vector, u and y are the input and output of the controlled plant, respectively.
For taking up such UM-dynamic inversion, firstly use a systematic approach [72] to convert the
linear state space model into an input/output transfer function by
Y (s)
U(s)
where Y (s) and U(s) are the Laplace transforms of the output and input respectively, I,, is an

=C[sl,-A]"'B (2.32)

identity matrix with dimension n. Then the linear polynomial dynamic inversion procedure
presented in the Chapter 2.2.1 can be applied.
For the nonlinear controlled plant, consider the model in (2.10), the step-by-step UM-dynamic

inversion design procedure can be organized as

1. Generate direct mapping between the output y and the input u, by differentiating the state

variables in the output equation till directly related to u in the state equation.

2. Use the procedure for nonlinear polynomial dynamic inversion presented in the previous
subchapter to determine the solutions. It should be noted that the above computations
require the full state variable necessarily available/measurable. To illustrate the realization,
consider a nonlinear state space model of

X1 =X1—X2 —x32

X9 = —X1 +9C22 — X3

. 9 (2.33)
X3 =—x1"—x9+x3+u
y=x1
Differentiating y twice against x1 with the output equation gives
. . 2
=X1=X1—X2—X
y=x1=x1 : 2 —X3 (2.34)
y=x1—X9 —2x3(x1 —X9 +X3 +u)

As the second line of (2.34) directly relates the output and the input, it can be used for the

dynamic inversion. The corresponding polynomial U-model is given by

y= Ao+ Au
Ao =%1 — %9 — 2x3 (.’)C12 — X9 +x3) (2.35)
11 = —2x3
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Convert to integral expression as

y=—+—71u (2.36)

2.3 Simulation demonstrations

This simulation demonstration selected four plant models to test the UM-dynamic inversion and

their associated U-control systems with the following bullet points
1. To demonstrate the generality and effectiveness of UM dynamic inversion.

2. To demonstrate the principle of model-independent design in U-control, supported by the

dynamic inversions.

3. To demonstrate a once-off design with the linear invariant controller in accordance with a

closed-loop performance specification irrespective of the plant model structures.

4. To validate the applicability, conciseness, and efficiency of the U-control and UM-dynamic

inversion, particularly in designing nonlinear control systems.

2.3.1 U-control system design

With reference to the previous U-model based algorithm introduction in Chapter 2.2, For these
simulations, design a unique U-control system with a desired system output response in terms of
damping ratio { = 0.7, undamped natural frequency w, = 1, and zero steady-state error to a step

reference input [35]. Accordingly, this closed-loop transfer function was specified as

Y(S) 1

—— =GS)z — 2.37
R(S) (5) s2+14s+1 ( )
The invariant controller G.; was determined by taking the inverse of (2.37) as
G 1
G.1= = 2.38
TT1-G 2+14s (2.38)
2.3.2 Case 1: Linear polynomial and state space models
Consider a linear polynomial controlled plant as plant 1
352 +6s+4
G = - - 2.39
p(s) s24+2s+1 (2.39)
The corresponding U-model will be
y= i—g +Aiu
Ao=—-2y—y+6u+4u (2.40)
A1=3
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Figure 2.4: U-control system for plant 1

X=Ax+ Bu
y=Cx+Du

L u—>
fen

reference N contoter inverter of G

plant G output

Figure 2.5: U-control system for plant 2

Then consider a state-space based controlled plant as plant 2

o | [ 0 15[ x [ 0
5 | | 05 -2 1
= 2 2.41)
X1
y=|1 0] +10]
X2
The corresponding U-model is
y=Ao+Au
Ao =1.5(—0.5x1 —2x9) (2.42)
A =15

The U-control systems frameworks designed for plant 1 and plant 2 are shown in Figure 2.4
and Figure 2.5, their control performance can be observed in Figure 2.6 and Figure 2.7. Both
control systems’ outputs can converge to the desired followed by the designed control performance

specification.
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Figure 2.7: Controller outputs for plantl and plant2

2.3.3 Case 2: Nonlinear polynomial and state space models

Consider a nonlinear polynomial controlled plant as plant 3

y=ul+u?-u—-0.5y+sin(u)

The corresponding U-model will be
y=A+Au+ /12L'L2 +/13L'L3
Ao =—-0.5y +sin(u)
A=-1
Ao=A3=1
Then consider a nonlinear state-space based controlled plant as plant 4
X1 =X9
X9 =sin(x1)+u

y=x1
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Figure 2.8: U-control system for plant 3
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Figure 2.9: U-control system for plant 4

Its corresponding U-model model is

=L+ Au
Ao = sin(x1) (2.46)
=1

The U-control systems framework designed for plant 3 and plant 4 are shown in Figure 2.8
and Figure 2.9, their control performance can be observed in Figure 2.10 and Figure 2.11. Both
control systems’ outputs can converge to the desired followed by the designed control performance
specification. All of these simulation tests have demonstrated that the purposes outlined at the

beginning of the Chapter have been achieved.

2.4 Test of U-control of a wind energy conversion system

2.4.1 Brief review of wind energy conversion control systems

Wind power is a clean natural resource to supplement the other power resources from fossil fuels,
coal, solar, and so on. This rich power source is widely distributed, renewable has no greenhouse
gas emissions, and uses little land [32]. In the conversion of wind power, in which air flows

drive wind turbines to generate electrical power, the need for effective control strategies for cost
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Figure 2.11: Controller outputs for plant3 and plant4
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reduction and power acquisition performance is commonly recognized. Particularly, such control
system design is very critical for Variable Speed Wind Turbines (VSWT). The other unavoidable
issue in wind energy conversion is that the turbine performs according to linear dynamics, but the
power conversion is nonlinear from the multiplication of two dynamic variables (the wind power
is obtained as a product of torque/input and rotor angular speed). Designing such control systems
is challenging in formulation and implementation. [73] gives a collection of up-to-date research
on advanced control and optimization paradigms for wind energy systems. Regarding U-control
of the wind energy conversion systems, [120] presents the 1st U-model based control system
formulation and design for wind energy conversion systems. In contrast, this study removes the
demand for solving the Diophantine equation for pole placement assignment and directly uses
closed-loop inversion to design the invariant controller. Further, this study is a continuous time
control and gives emphasis on the illustration of the general platform for industrial applications

using Simulink block diagram connections, rather than Matlab-coded programs.

2.4.2 Plant model

Modelling of wind turbines has played a significant role in the understanding of the behaviour of
the wind turbine over its region of operation because it allows for the development of comprehen-
sive control systems that aid in the optimal operation of a wind turbine [64]. Such mathematical
models are the foundation to quantify the control performance of energy systems. Further, these
models are essential references for the design of the turbines and minimize generation costs
leading to cost reduction in wind energy, consequently making it an economically viable alterna-
tive source of energy. This Chapter characterizes these wind turbine model into an integrated

nonlinear dynamic plant operational model to describe input/output relationships.

J

r

Figure 2.12: Schematic diagram of drive train [120]

The structure of this drive train model is presented in Figure 2.12, and here is the nomencla-
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ture list.
* w,: rotor angular speed aerodynamic torque
* J, and Jg: rotor and generator inertias respectively
* K, and K are rotors and generator external damping respectively
¢ J;:integrated inertia
* K,:integrated damping
e T,,: converted electromagnetic torque
e T,: rotor torque, from external wind power in practical systems
* T,: generator torque, regulates the system operation to generate power

The rotor speed w, is driven by the rotor torque T, and the low-speed torque 7. The generator
speed w, is driven by the high-speed torque T, and the electromagnetic torque T',p,. It should
be noted that using a gearbox can change the generator speed. The dynamics of the rotor and the

generator can be described by Newton’s law in the form of

{ JrfU.r =Ty —Krw,—Tis (2.47)
Jgg=Ths—Kgwg—Tem
Then define gearbox ratio ng as
Wg Tls
Ne=— = (2.48)
& wr  Ths
Invoking (2.48), the generator dynamic in (2.47) can be rewritten as
ng’Jgwr = Tis—ng’K 0, —ngTem (2.49)
Thus, the drive train model can be described by combining (2.47) with (2.49) as
Jio, =Ty - Kiw, —Tg (2.50)
where
Jr=dJr+nidg
K;=K,+n2Kg (2.51)

Tg = ngTem

Pg, the power output from the generator, is given by P, = T;w,. In system (2.47), the external

wind is the source of the driven force. The wind speed torque is given by

T, = % pR3Cy (A, B)(6 - &)? (2.52)
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where p, v, R are the air density, wind speed, and rotor radius, respectively; § is the blade pitch
angle, A = 1% is the tip-speed ratio; ¥ is the estimation of the effective wind speed v, which can
be measured via anemometer and ¢ denotes the measurement noise; C, (A, 8), the efficiency for

the wind turbine power conversion, is given by

0.22(116 -12.5
Cq(A,B) = —(— —0.4[3—5) exp(—) (2.53)
A lm m
with % = m - %30%. Accordingly, from the above physical principle models, the energy

conversion input-output model for control system design can be expressed as

K,
jtPng—

1

T, 2.54
- Ts (2.54)

PyTy,~TyP,= iTang -
Ji
where the control input is the generator torque T'; and the plant output is the power output P,.
Collect the maximum quantity of energy embedded in the low-speed wind region from system
(2.47), it requires
Pg=npPqymax (2.55)

with Py 0y = %an2C v3, where C

between the desired generator power P; and the maximized available power Pg -

for the maximum power coefficient, n, for the ratio

Pmax Pmax

2.4.3 U-control system design

The U-control system was the same as designed in Chapter 2.3.1. The U-realisation of the

input-output plant model was derived as

Pe=Ao+MT, (2.56)
Lr,1,2-5p, 1, LT,°
with g = 2 I CITE anq Ay = 28
g 8

2.4.4 Simulation results

The selected generator, equipped with three blades, a horizontal axis, and wind variable speed
wind turbine, generate a 1.5 MW electrical output, made by WINDEY Co. This category of
generators has been used worldwide [73]. The major parameters are listed in Table 2.1.

Accordingly, for U-model expression in (2.56), its time-varying parameters are assigned with
A1 = % and Ag = WMTaTg —7.609 x 10_4Pg - mPg . The rest of the simulation
conditions/parameters include the desired power P; from (2.56), wind torque T, from (2.52),
the specified wind speed v with a mean of 9m/s and turbulence intensity of 10%, sensor noise
represented by a uniformly distributed random sequence of [-0.3, 0.3], n,=0.8 for the ratio between
Pmax = 0-4382 for the

maximum power ratio and p = 1.12 for the air density. Figure 2.13 shows the constructed U-control

the desired generator power P; and the maximum available power Py .., C

system in Simulink block diagrams. Figures below show the simulation results which are the
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Rated power 1.5MW

Rotor radius R 38.5m

Rotor inertia Jr 4456761 kg.m2
Generator inertia J g 123 kg.m2
Rotor friction coefficient Kr 45.52N.m/rad/s
Generator friction coefficient Kg | 0.4N.m/rad/s
Gearbox ratio ng 104.494

Table 2.1: Parameters for WECS

same as those obtained from [120]. However, the differences are 1) this study is a continuous time
control system against the discrete time control systems [120]; 2) this study uses concise closed
loop inversion to determine the invariant controller against solving the complicated Diophantine
equation; 3) this study uses Simulink block diagram to build up the control system against using
Matlab functions to develop coded programs, which block diagram based simulation is much
more engineering meaningful, transparent, cost-effective than coded programming. Inspection of
the generated plots: Figure 2.14 shows the simulated wind speed profile. Figure 2.15 shows the
generated output power properly follows the specified power trajectory and is similar to the wind
speed profile even though with wind measurement noise. Figure 2.16 shows the variation of the
rotor torque following the wind force. Figure 2.17 shows the tracking error amplitude converged
to zero mean and small variance, this indicates that the U-control system has converted into the

maximum available power from the wind power.

Pg

v Ta
Tg
Wind torque (kN.M)

P Ta
K S
Ta
Jt Jt
» d
wind speed (m/s) parameters of the turbine N P ﬁ
Jt
generator output power (MW)
4 o o 1 o
Py fon =]
Tg Tg 1
K P Tracking control error (MW)
K P’
£+ 14s N
Desired power (MW) T

Figure 2.13: U-control of the wind energy conversion system

2.5 Summary

In U-control system design/operation, the condition of G;,le =1 is the backbone. Therefore,
this requires an accurate model of G, and an effective routine/algorithm for the UM-dynamic

inversion G;,l. This study provides a generalized methodology, with the assumption of an accurate
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model of G, a set of algorithms for the UM-dynamic inversion G;,l. Simulated bench examples
have demonstrated the analytical results and provided an effective procedure in testing designed
control systems with computational experiments.

The remaining challenging issues with UM-dynamic inversion are robust UM-dynamic inversion
dealing with uncertainties in model G, and data-driven dynamic inversion (DD-dynamic inver-
sion) for an unknown model of G,,. These solutions, no doubt will significantly make U-control
realistically feasible and supplementary to the other existing approaches for a wide range of

applications.
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CHAPTER

U-MODEL BASED TWO-DEGREE-OF-FREEDOM INTERNAL MODEL
CONTROL

odel validity is a fundamental basis for model-based control systems design. A better

model makes control systems design and tuning easier/more efficient. However, for

most engineering systems, there can be difficulties in obtaining accurate plant/process
models, primarily due to equipment diversity and environment complexity; such as internal
uncertainties and external disturbances. Even though a mathematical model can be established
from physical principles (such as energy conservation law) and/or data-driven (identification),
it is usually taken as a nominal reference (a nominal model is an approximate description of
an accurate model). Internal Model Control (IMC) [34] has been widely accepted as an efficient
robust control approach. IMC selects the model inverse as the controller and integrates a robust
filter to control an explicit plant/process model. The IMC structure is characterised by 1) capable
robustness to overcome model uncertainties and system disturbances, 2) effective procedures for
designing and tuning, 3) successful application across different industries [58, 76, 87]. However,
the control performance of classical IMC is not desirable, because the adjustable parameters
only exist in the filter. At the same time, higher robustness demand could degrade tracking
performance [79], which must compromise with some of the other performances. Although a Two-
Degree-of-Freedom IMC (TDF-IMC) structure can solve the aforementioned problems with the

classical IMC structure, its control performance still cannot be separately designed [84, 87, 127].

When a linear model is completely reversible, the design of linear IMC is straightforward to
take the controller as the inverse of the model and select a suitable filter. Even when the model is
not completely reversible, the model can be decomposed into reversible parts and irreversible
parts, in which the inverse of the reversible part is taken as the controller. Appropriate filter

selection can then also ensure that the control system has the smallest output variance for both
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stabilization and tracking control. However, for controlling nonlinear plants/processes, these
approaches are not applicable, and effective algorithms for nonlinear dynamic inversion are very
limited [74]. To deal with nonlinear control plants/processes, the approaches used by most of
the IMC structures can be divided into 1) linearizing the controlled plants/processes and using
the linear method to invert [26]; 2) using PID [21], neural network [8, 91] and fuzzy control-
based [1, 116] dynamic inversion; 3) using some numerical tools, such as the Newton—Raphson
method [26]. However, the linearized and the other approximating modelling methods could lose
an accurate representation of the input-output relationship and degrade the performance of
the designed systems. Therefore, deriving the nonlinear model inversion and enabling the two
performance indicators (i.e. tracking and robustness) of the IMC structure to be independently
designed are the main challenges and focuses of this chapter. Accordingly, this study proposes a
framework of U-model based Two-Degree-of-Freedom Internal Model Control (U-TDF IMC) of
nonlinear dynamic systems

According to Chapter 2, U-model is a derived control-oriented model set to map almost all
classical models into their U-model realisation and converts classical models into controller output
u based on time-varying parameters [115] expressions. This chapter is aimed at using U-control,
an enhanced tool supplemented with classical approaches, to integrate the strengths exhibited in
U-control and IMC to provide an enhanced version of IMC with strength in system configuration
and nonlinear dynamic inversion. In order to further improve TDF-IMC, this study expands the
previous IMC work [47, 80] by effectively introducing U-model based dynamic inversion within a
revised system structure configuration. By doing so, the new framework presents a new U-model
based two-degree-of-freedom IMC (UTDF-IMC) structure to achieve a completely independent
design in rejecting disturbance and tracking operational set-point. Compared with the classical
IMC and TDF-IMC, this proposed structure has better control performance and more convenient
tuning methods without introducing additional design work and maintaining the same hardware

configuration. Accordingly, the major impacts of this research are outlined below:

1. Propose a general U-model based Two-Degree-of-Freedom IMC (UTDF-IMC) structure for
controlling a class of open-loop stable polynomial/state-space modelled linear and nonlinear
dynamic plants. The new control system structure accommodates both linear and nonlinear
plants consistently and separates the tracking control filter design from the robust control

filter design.

2. Tailor the UM-dynamic inversion platform [31] in conjunction with IMC, which removes
the necessity of either linearizing the nonlinear model or converting it to a quasi-linear
parameter-varying (quasi-LPV) model in advance. This UM-dynamic inversion platform

directly provides algorithms dealing with all types of inversions in IMC structured systems.

3. Analyse the designed UTDF-IMC control system properties to provide a valid reference for

future study expansions and applications.
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4. Verify the control system performance through benchmark tests of simulated case studies

and illustrate application procedure from an industrial case demonstration.

For the remainder of this chapter, Chapter 3.1 presents the basis of using IMC and U-control for
the next step of development of the new UTDF-IMC system structure. Chapter 3.2 elaborates on
the principle of TDF-IMC structure and establishes the U-model based TDF-IMC (UTDF-IMC)
framework; consequently, it analyses the control system properties. Chapter 3.3 showcases two
computational investigations to benchmark test/demonstrate the proposed UTDF-IMC system
performance. Then an industrial backgrounded permanent magnet synchronous motors (PMSM)
system is added to demonstrate the application procedure and the comparative studies in Chapter

3.4. Chapter 3.5 concludes this study with key findings and observations.

3.1 Internal model control (IMC)

A classical IMC control scheme [34] is shown in Figure 3.1, in which the plants/process P is
approximated by model Py (specifically named as the internal model) and the controller . Figure
3.2 shows the equivalently rearranged IMC structure, in which the controller is expressed in the

inner loop

Q

C=1-¢qp,

3.1)

For a given set-point reference r, the control system is designed to keep the output y following
a pre-specified output response y,, (Figure 3.1) with the desired transient and steady-state

performance. With reference to Figure 3.1, it has

1. Plant output:

. 1+Q?;—Po)r+ 1+1Q_(1?’1—30PO) 3.2
2. Error output: )
e= m(r—d} (3.3)
3. Controller output:
u= %(r—d) (3.4)
Remark 1: (3.2) can also be rewritten as:
y=ar+pd (3.5)

where a = % specifies tracking performance and = % denotes the contribution to

robustness. These two weights meet the condition of ¢ + =1
The main features of IMC [34] include:
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Figure 3.2: Equivalent IMC structure

1. Dual stability: For P = Py and d =0, and y = y,,, the feedback error signal e is obviously
zero. IMC system becomes an open loop structure and both controller @ and plant P are
stable.

2. Perfect control: This requests plant P = Py minimum-phase and invertible and controller

as the model inverse @ = Py~ 1. Accordingly (3.2) becomes

Py, lp 1-Py 1P,

— — ——r+ — d=r (3.6)
1+Po "P—-Py Py 1+Py (P —-Py)

Yy
where a =1and =0

3. Augmented robust IMC is shown in Figure 3.3. It decomposes model and dynamic inversion
by factorizing Pg into Po; and Py_, namely: Py = Po+Po—, where Py is the part containing
pure delay and uncertain zero, and Py_ is the minimum-phase part. There are certain
factorization techniques, like simple factorization, and all-pass factorization [79]. Hence,
the controller is kept as the inverse of the plant/process model with an invertible portion,

that is,
1

Q1= P (3.7
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Figure 3.3: Robust IMC structure

4. Filter: When designing the IMC controller, it should add a low-pass filter for the inverse of
the factorized minimum phase model to ensure the controller is proper and robust against

model mismatching and disturbance. Define the IMC controller and the filter as

Q=11 (3.8)
1
f= (1+As)P ©9

where f is the order of the filter, normally assigned with a large value to ensure @1 is
proper or semi-proper; A is the time constant, the sole design parameter of the controller
and is inversely proportional to the closed loop response speed. Therefore, 1 is a trade-off

between the performances.

Remark 2: Substituting (3.7) and (3.8) into (3.2) obtains the plant output

P -5 Po
Y=T7F i T 7 7
1+ p7P=p- Py 1+p-P—p-Po 510
. .
P P L 1-fPo,

= r
(1-fPoy)+ =P  (1-fPo,)+ 4P

To track the reference signal with a faster speed and effectively reject the modelling errors and
system disturbance, it requires output (3.10) satisfying f P, = 1 necessarily, which is achieved

by selecting A in the filter.

3.2 U-model based Two-Degree-of-Freedom IMC (UTDF-IMC)

3.2.1 Classical Two-Degree-of-Freedom IMC (TDF-IMC) structure

Figure 3.4 shows a TDF-IMC structure to be incorporated with U-control, which comprises
feedback controller F' added in the external loop within the classical IMC structure. Clearly, if

the feedback filter F' is a unit constant, this structure is the same as that in Figure 3.1. From
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Figure 3.4: IMC structure with the feedback filter

Figure 3.4, the system output y = y,, + y.. Therefore,

y=(r—y.F)QPy+y.
:rQP0+ye(1_FQPO)

(3.11)

In the TDF-IMC system, if the controlled plant is a minimum-phase system, then the controller

Q(s)= %. The output of (3.11) can be re-organized as

y=rf+y.(1-Ff) (3.12)

The explicit input/output relationships from Figure 3.4 can be written as follows:
_ Q
U= (
1+ (P -Py)FQ
QP N 1-QFP
= r
1+(P-Po)FQ 1+(P-Py)FQ
If the controlled system does not contain uncertain parameters or control disturbance, then y, =0,

r—dF) (3.13)

y (3.14)

otherwise, |y.| > 0. From (3.2), rf determines the system tracking performance, while y,(1 - F)f
determines the system robustness. To achieve desired control performance, a condition must hold

true below:
lim f()=1, lim L™ (F(s)f(s) =1 (3.15)

Where L™ 1(x) is the inverse Laplace transform operator, F(s) and f(s) are the Laplace functions
of filters F' and f respectively. Thus, output y equals the reference r eventually, and the system
disturbance and modelling errors will be eliminated. The performance of the IMC control system
will depend on these two filters F' and f. The setting time and rise time of these two filters should
be as short as possible. However, response speeds that are too fast will cause the amplitude of

the controller output signal to increase sharply. From Figure 3.4, the controller @(s) output u is:
u=(r—y.F) (3.16)

From (3.13), when controller @ is determined, the faster the response of the filter F', the larger

value of the initial controller output u. In general, it can be observed from (3.12) that the tracking
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Figure 3.5: U-model based Two-Degree-of-Freedom IMC structure

ability and robustness of the IMC system cannot be separately designed, as well as its design
flexibility is relatively limited. Therefore, this is one of the project’s research aims, to separate
IMC’s design of tracking ability control and robustness and improve its design effectiveness

without affecting its desired control performance.

3.2.2 U-model based Two-Degree-of-Freedom IMC (UTDF-IMC) structure

On the basis of the IMC, the problem stated in the introduction and TDF-IMC analysis in
Chapter 3.2.1, this chapter changes the classical TDF-IMC structure in Figure 3.4 to a UTDF-
IMC structure as shown in Figure 3.5. In Figure 3.5, the original controller @ in classical
TDF-IMC shown in Figure 3.4 has been split into two parts: the feedforward filter f and the
inversion P, ! of the U-realization controlled plant model P,,, where the original IMC’s controller
Q = fP,!. Different from the classical IMC structure, feedforward filter f appears outside the
system feedback loop. Generally, the plant model inversion Py~ cannot exist alone because of its
irrationality and unrealizable property. For polynomial-based modelling of the controlled plant
expressed by the Laplace transfer function, its inversion will make the order of the numerator
higher than the order of the denominator, which cannot be achieved in the actual control system.
Therefore, this chapter introduces the UM-dynamic inversion algorithm to design the plant’s
inversion part P, ! in the UTDF-IMC structure.

3.2.3 UTDF-IMC Design procedures

Figure 3.5 presents the U-model based Two-Degree-of-Freedom IMC system framework, where f
and F are the designed feedforward and feedback filters respectively. P is the controlled plant or
process, which is allowed to be linear or nonlinear. P, is U-model based approximation to the
controlled plant P. P, ! is the inverter designed by the U-model based root solving algorithm.
From (2.17), the parameters absorbed by A; can be obtained from the output signal y,, of the plant
model P, (s) and controller output u. In general, similar to the classical IMC design, UTDF-IMC

system design has the following two steps:

37



CHAPTER 3. U-MODEL BASED TWO-DEGREE-OF-FREEDOM INTERNAL MODEL CONTROL

1. Assume the controlled plant or process P is stable and bounded, and its inverse P! exists.
Use the U-model to describe P or convert the plant model Py into its U-realization P,. The
specific U modelling process can refer to Chapter 2. Different from the classical IMC or
classical TDF-IMC, U-realization of the original model Py can comfortably cover nonlinear

dynamics, therefore, remove linearization restrictions.

2. Design filters f and F' according to system control performance requirements, then re-
optimize the parameters of the filters according to the controller output limit. The feed-
forward filter determines the system’s set-point tracking ability (response time) while the
feedback filter determines the system’s robustness. Because the control system performance
is completely designed according to the two filters independently, designers can select the
appropriate filters according to performance requirements, hardware limitations, controller

output limitations, etc.

3.2.4 Property analysis

1. Dual stability: Assume the plant model is perfectly matched (P, = P) and system distur-
bance is absent d = 0, then from Tables 3.1, the closed-loop stability is characterized by the
stability of the plant P (P~ 1) and the feedforward filter f. In this case, the system output
signal will be: y = fr.

2. Perfect control: Assume that the dynamic inverter P, ! is satisfied with P, = P and P is
stable, then the closed-loop control system is stable and perfectly controlled. In this case,
the system output is y = fr + (1 — F)d. The faster the response speed of feedback filter F,

the better the system robustness.

3. Zero offset: Assume that the steady-state gain of the controller equals to the steady-state
gain of the inverse model, and this closed-loop system is input-output stable with this
controller, then offset-free control is obtained asymptotically to step or ramp type inputs

and disturbances.

4. Separability of designing the tracking filter and the robust filter: This is shown in the
tables, in which UTDF-IMC has no product of the two filters Ff.

In comparison with IMC and TDF-IMC, Tables 3.1 and 3.2 list the three IMC types of control
system configurations against disturbance and model mismatching respectively. For UTDF-IMC
the typical properties are analyzed below. From Table 3.1, the factor associated with d is called the
disturbance rejection design. It is clear that this rejection part only depends on the feedforward
filter f in IMC, depends on two filters F' and f in TDF-IMC but only depends on the feedback
filter F in UTDF-IMC structure. In case of model mismatch, it can also use the output error

signal y, to analyse the system performance in Table 2: From Table 3.2, regarding UTDF-IMC,
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Controller output u System output y
IMC u=prppyr(rf —df) = e+ patsled
Po+®P-Po)f Y= PorP=Pp)7 " T Po+f(P-Py)

_ 1 _ P Po(1-fF)
TDF-IMC | u = prppyrr(rf —dFf) | y= Po+(P;)P0)Ffr + Por PPy Y

— 1 — P,(1-F)
UTDF-IMC | u= W(rf —dF) y= Pu+(P—Pu)Fr + Pu+(P—Pu)Fd

Table 3.1: Input/output comparison of IMC, TDF-IMC and UTDF-IMC against disturbance

System output y
IMC y=rf-0-f)ye
TDF-IMC y=rf—-QA-Ff)y.
UTDF-IMC | y=rf+(1-F)y,.

Table 3.2: Output comparison of IMC, TDF-IMC and UTDF-IMC against model mismatching

the function associated with y, is robustness designed, where y, absorbs all whole modelling
error and system disturbance; the function associated with signal r is for tracking designed.
Obviously, all the tracking design only depends on the feedforward filter f and the robustness
designed is the same as previously discussed. In summary, compared with the classical IMC and
TDF-IMC structure, the main differences in UTDF-IMC structure are as follows:

1. Classical TDF-IMC structure can make tracking ability and robustness be designed sepa-
rately but not wholly independent due to the product term of F f in robustness specification.
The UTDF-IMC overcomes this shortcoming without resorting to a more complex structure.
Therefore, when the robustness performance of the system is determined, the UTDF-IMC

control system will have a faster response speed than the classical TDF-IMC control system.

2. U-model is used to facilitate control system design, which can easily form an inversion of
the plants to cancel both dynamic and nonlinearities. Accordingly, it converts the nonlinear

control system into a linear model based control with a nonlinear dynamic inverter.

3. UM-dynamic inversion algorithm is used to design the inversion part in UTDF-IMC
structure, which provides a faster convergence speed and allows the inversion part exists

alone properly without the feedforward filter.

4. This structure where the feedforward filter / from outside the control loop allows the

tracking ability and robustness performance to be completely independently designed.

5. The improved control performance is not complicating the system structure and/or increase

the additional computation burden throughout the design process.
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3.3 Simulation demonstrations

This simulation demonstration selects two plants to test the proposed U-model based TDF-IMC
structure. Both plants will be controlled by IMC, TDF-IMC and UTDF-IMC structures.

3.3.1 Linear controlled plant

Consider a linear controlled plant as plant 1
2 1
Wp,

2+ 2wps+w,2 s2+3s+1

Py(s)= (3.17)

(3.17) is characterised with the damping ratio { = 1.5 and the undamped natural frequency w, = 1.
For designing the UTDF-IMC system:

1. Convert plant model (3.17) into its corresponding U-model
Pus): y=u—-3y—-y=2A+A1u
Ao=-3y1-5% (3.18)
AM1=1

2. Design the inverter of the plant model P, (s):
NP B |
u=y+3y-+i— (3.19)
s s

3. Design the feedforward filter f(s) and the feedback filter F'(s). In this chapter, based on the

UTDF-IMC system design procedure in Chapter 3.2, to make the system achieve a fast

response speed and no overshoot, f(s) = m and F(s) = m.

performance fairly, the TDF-IMC system uses the same filters as UTDF-IMC. To ensure

To compare control

the same robustness, the classical IMC system uses f'(s) = m.

To test the performance of the designed control system, assume the plant a 2nd order dynamic

with { =1 and w, = 0.5, and an external disturbance added at the system output, that is,
1
P(s)y=———+D 3.20
() 4s2+s+1 ) ( )

The system disturbance is a band-limit white noise with changing rate of 1hz, and a system
signal-noise ratio (SNR) of 26.9db. The noise sequence is shown in Figure 3.6. From Figure 3.7
and Figure 3.8, UTDF-IMC and IMC have better robustness performance in the rejection of
system disturbance and modelling errors. IMC system has the fastest tracking speed because of
its fast respond-speed filter, however, due to modelling error, stronger tracking ability brings more
overshoot. The simulation results also demonstrate the analysis in Chapter 3.2.4. From Figure 3.9,
the UTDF-IMC structure does not increase the maximum peak output of the controller compared
with the TDF-IMC structure. However, fast-tracking speed brings a large controller output
peak in the IMC system, which may cause the controller to overload applications. Considering
the control performance and controller load, in the case of selecting the same filters (control

parameters), the UTDF-IMC system also shows better control performance.
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Figure 3.7: System outputs for plant 1

3.3.2 Nonlinear controlled plant

Consider a nonlinear controlled plant as plant 2

Po: y=aul+bu’—cu—ky+e"

where the coefficients a = b = ¢ = 1,k = 0.5. Then design the UTDF-IMC system:

1. Convert the plant (3.21) into its corresponding U-model:

Pu(s):y = Aot — At + Aoui® + Agu®
Ao=-0.5y1+ev
AM=Ag=A3=1
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Figure 3.9: Controller outputs for plant 1
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Figure 3.10: System disturbance d for plant 2

2. Design the inverter of the plant model P, s
u =root(Aott — Ayt + Agus® + Azu® — 5 = 0) (3.23)

It should be noted that because equation (3.23) is a cubic equation of one variable about u.
In order to ensure that the controller output is rational, the real root of equation (3.23) is

selected as the output of the controller.

3. Design the feedforward filter f(s) and the feedback filter F(s) Same as previous work, to

make the system achieve a fast response speed and no overshoot, this chapter chooses

_ 1 1
F8) = grorae and F8) = G557

the TDF-IMC system uses the same filters as UTDF-IMC. To ensure the same tracking

1
(0.2s+1)%"

for the plant 2. To compare control performance fairly,

speed, the classical IMC system uses f'(s) =

To demonstrate the performance of the designed control system, assume the real plant with the
same structure as the IM, but ¢ = 1.4 and % = 0.8 for modelling errors, and an external noise

added to the system output, that is
P(s): y=ul+14u®-u-08y+e“+d (3.24)

The system noise is a band-limit white noise with changing rate of 1Hz and SNR of 20.9db. The
noise sequence is shown in Figure fig310. From Figure 3.11 and Figure 3.12, UTDF-IMC both
has a better robustness performance in rejection of system disturbance and modelling error and
the fastest tracking speed. When the reference signal suddenly jumps sharply, the response
of the TDF-IMC system also shakes sharply although it has the same filters as UTDF-IMC.
These simulation results demonstrate the analysis in Chapter 3.2.4. From Figure 3.13, the

UTDF-IMC structure does not increase the burden on the controller, although it has a better
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control performance. The output of the controller shows that the UTDF-IMC is not overloaded.
Once again, considering the control performance and controller load, in the case of selecting the

same filters (control parameters), the UTDF-IMC system shows a better control performance.

3.4 Test of U-control of a wind energy conversion system

In the past few decades, Permanent Magnet Synchronous Motors (PMSM) have been widely used
in industry because of their high-power density, high efficiency, and large torque inertia ratio.
PMSM is essentially a non-linear Multiple-Input-Multiple-Output (MIMO) system, so parameter

uncertainty and interference acting on torque will make it difficult for PMSM control systems to
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obtain higher control performance [99]. Most advanced control strategies [30, 92, 113] for PMSM
servo system angular position control ignore the nonlinear term in the speed equation, assuming
that A=B and load torque disturbance does not change. Therefore, it is still a challenge to provide
an efficient set-point value tracking control strategy for a general PMSM system affected by
time-varying system disturbance and uncertain parameters. Therefore, this Chapter applies the
proposed UTDF-IMC structure combined with the U-modelling of the PMSM system to achieve
high-precision set-point robust tracking control of the PMSM operation.

3.4.1 Modelling of PMSM system

It should be noted that the permanent magnets used in the PMSM are a type of modern rare-earth
varieties with high resistivity, so the induced current in the rotor can be negligible. The model
of the PMSM is based on s number of equations in the d-q reference frame [102], where the “d”
and “q” axes are the single-phase representations of the flux contributed by the three separate
sinusoidal phase quantities at the same angular velocity. The “d” axis, also known as the direct
axis, is the axis by which flux is produced by the field winding. The “q” axis, or the quadrature
axis is the axis on which torque is produced. Converting the mathematical model of the motor to
this coordinate system can realize the decoupling of the “d” axis and “q” axis, thereby obtaining

good control characteristics [65]. The electric torque of the PMSM is
3 . .
T, =§p[q)vlq+(Ld—Lq)ldlq] (3.25)
And its motor dynamics can be modeled as

T,=Tr+Bow,+JAw, (3.26)

45



CHAPTER 3. U-MODEL BASED TWO-DEGREE-OF-FREEDOM INTERNAL MODEL CONTROL

The relationship between voltages and currents in a motor are:

1% Rs+LgA —-pow,L i 0
d _ s d PwrLy 'd (3.27)
Vy pw,Lg Rs+LgA iq pw,D,
The rotor flux rotates at rotor speed w, and is positioned by the rotor angular position:
9, = f w,dt (3.28)

Therefore, the PMSM in the rotating d-q reference frame can be modelled in the following

state-space equation [102]

do,

dat — Wr

dw,_3p¢’u- 3_p _ 1 17 _E _l

i = “5rtig+ 55 (La—Lg)iaiq — gor — 5TL (3.29)
dig _ _Rej ( PZa; 4 1y '
dt — Lgld T  tqWr T, Vd

dig _ R, pL4 p

with A: differential operator ((d *)/dt), 6, and w,: the rotor angular position and rotor speed, iy,
iq and Vg, V,: stator currents and voltages in d-q reference frame, L4 and L,: axes inductances
in d-q reference frame, T7,: load torque, @, :rotor flux, J: inertia, R: stator resistance, B: viscous
friction coefficient and p: number of pole pairs. The design aim is controlling voltages V; and Vj,
in (3.28) to make rotor angular position 0, track a desired constant reference angular position
04 and the current i, is regulated to zero asymptotically, concretely, this PMSM control system
is two-input two-output with u =[u1 ugl = [Vg V| and y = [y1 y21 = [0, i4]. The same as used
[102], the commonly used nonlinear load torque disturbance to test the system performance is

generated by the following disturbance dynamic model:

U1=vz (3.30)
U9 :—avl+b(1—vlz)v2 '

where v1 = T, is the solution of this Van der Pol oscillator. Let

x1=0r,%2 = Wr,Xx3=1q4,%X4=1q

3p®, 3 B 1
a1="%7a2=55(Lag—Ly),as=5,a4= 3 331
br=Rejy by=2e py=L 33D
I_Ld d> 2_Ld’ 3_Ld

_R _ pLa _p® _ 1
c1=7;C2= T 3= T C4a=1T-

Then the system (3.28) can be rewritten into a standard state space equation of:
X1 =X9

X9 = Q1X4 +Q2X3X4 — A3X2 — A4V y1=x1+d
. and (3.32)
X3 =—-b1x3+boxgxg+bguq Y2 = X3

X4 = —C1X4 — C2X3X2 — C3X9 + C4U2
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where d is the system disturbance. Linearize system (3.32) gives

X=AX+BU, Y=CX+d (3.33)
0 1 0 0 0
0 - 0 0 10 0O
where A = 3 o ,B= ,C =
0 -b3 -b1 0 by 0 00 10
0 0 0 —c1 0 e

3.4.2 Experiment set up

In this Chapter, the following three controllers are compared with simulation tests.

1. IMC: The filter time parameter shown in equation (3.9) is chosen as A = 0.01, use lineariza-

tion to approximate the inverse of PMSM.

2. TDF-IMC: Based on the structure in Figure 3.4, the feedforward filter and feedback filter
are chosen as f = —3+— and F = m, use UM-dynamic inversion to design the

(1+0.1s)”
inverse of PMSM.

3. UTPF-IMC: To test the performance of UTDF-IMC fairly, based on the structure in Figure
— 1 _ 1
3.5, the feedforward filter and feedback filter are chosen as f = Ty and F = E O

use UM-dynamic inversion to design the inverse of PMSM.

The comparison test of controller 1 and controller 3 is to demonstrate the superiority of the UM-
dynamic inversion algorithm for modelling nonlinear controlled plants/processed and inversion
calculation, and the comparison test of controller 2 and controller 3 is to show the efficiency of the
proposed UTPF-IMC structure under the same modelling and calculation accuracy. The nominal
values of PMSM parameters [102] for the simulations are p =3, R; = 1.2Q, ®, = 0.18Vs/rad,
Ly=0.011H, L, =0.015H, B = 0.0001Nms/rad, J = 0.006kgm?. Choose a = 9,b = 1. The initial
state values are chosen as follows: 0,(0) =0 rad, w,(0)=0 rad/s, i4(0)=0A, i,(0)=0A.

3.4.3 Experiment 1: Matched model with system disturbance

To test property 2 in Chapter 3.2.4 while the process model is perfectly matched, that is, Py = P,
assign the step reference signal with tracking angles 6, = 7 rad and current i 7 = 0, plus a squared
disturbance shown in Figure 3.14 is added. Clearly, based on the observed experimental results
from Figure 3.15 to Figure 3.19, all the controllers can track the desired set-point and reject the
system disturbance but the robustness of the TDF-IMC system is worse than others. IMC system
has the fastest response speed, however, it has overshoot due to restricting accuracy caused by
linearization. From Figure 3.16, when w, reaches the designated angular position, rotor speed
w; is stabilized at zero. From Figure 3.17, all control systems’ current i; can maintain at 0,

but its peak value in the IMC control system is much larger than the others obviously. These
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Figure 3.21: Output angular position w, in experiment 2

simulation results demonstrate properties justified in Chapter 3.2.4. From Figures 3.18 and 3.19,

the controller outputs have large peak values at the initial phase in the IMC system.

3.44 Experiment 2: Mismatched model with system disturbance

In this part, three controllers under the actual situation (with modelling error) will be tested
to investigate property 3 in Chapter 3.2.4. The parameters of PMSM become: Ly = 0.5L,
L,= 1.3L_q, B =1.45B and J = 0.75J. The load torque disturbance generated by (3.30) with
initial values of v1(0) = 0 and v9(0) = 0.1 is also added in the PMSM system, which is shown
in Figure 3.20. System disturbance is the same as shown in Figure 3.14, and the comparative
simulation results are showed from Figure 3.21 to Figure 3.25

From Figure 3.21, the IMC system has a tracking error due to the accuracy limitation of
linearization, which makes IMC unable to reject load torque disturbance. Both TDF-IMC and

UTDF-IMC control systems can reach the prescribed set-point tracking performance because
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UM-dynamic inversion does not lose nonlinear features. UTDF-IMC system has better robustness
than the TDF-IMC system due to its superior structure. From Figure 3.22, when 6, reaches the
designated angular position, rotor speed w, in UTDF-IMC and TDF-IMC systems is stabilized at
zero, however, the rotor revolves slightly in the IMC system. From Figure 3.23, all the current i,
staying at zero but its peak value in the IMC control system is much larger than the others, this
is because of the cost of faster response speed in the IMC system. From Figures 3.24 and 3.25, the
large peak values from controller outputs at the initial phase in the IMC system can be observed.

In summary, from all simulation results, the control system using the linearization method
does degrade the control performance while there is a strong nonlinear disturbance. Additionally,
by using UM-dynamic inversion, both UTDF-IMC and TDF-IMC systems can achieve reasonably
good set-point tracking performance, and the UTDF-IMC system has better robustness than the

classical TDF-IMC system with the same parameters chosen in the filters.

3.5 Summary

This chapter introduces an effective U-model based Two-Degree-of-Freedom IMC framework.
Consistently with the simulation test results of linear and nonlinear controlled plants, the
proposed UTDF-IMC framework shows its strong robustness and effectiveness in control system
design compared with the classical IMC and TDF-IMC approaches. It is believed that UTDF-IMC,
enhanced with the nonlinear dynamic inverter, could be applied more effectively to a wide range
of industrial control system designs. Therefore, this study has established a platform for possible
further expansion, for example controlling Multi-Input and Multi-Output (MIMO) systems, which
involves solution challenges with the nonlinear set equations in case of under, full, and over-
actuated control system design. Another research direction is to expand the UTDF-IMC to deal

with nonminimum phase/unstable zero dynamic systems.
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CHAPTER

DISTURBANCE-OBSERVER-BASED U-CONTROL

t is believed that unknown system uncertainties and disturbances universally exist in

various engineering control systems [17]. These uncertainties have critical side effects on

practical engineering system operations and academic research. The issue of disturbance
rejection is an ongoing topic since the appearance of control theory and applications, among which
Disturbance-Observer-Based Control (DOBC) has shown its efficiency because of its potential
feature of the “separation principle” for the ease of control design [14, 17, 96]. In DOBC systems,
there are two separate design control loops: a baseline feedback controller to satisfy the desired
tracking performance and a Disturbance Observer (DOB) to estimate the system disturbances
and uncertainties. When the control system is matched perfectly, the DOB is not activated, and
consequently, the DOBC reduces to a feedback control system [17]. Different from the worstcase
robust control methods which need to sacrifice control performance, the DOBC can preserve the

nominal performance to achieve better robustness.

The method to estimate system uncertainties and disturbances accurately is the core element
in DOBC design. The fundamental idea of the DOB is to integrate all the external disturbances
and internal uncertainties into single lumped errors. The basic DOB structure was first proposed
in frequency-domain in the 1980s by Ohnishi [71], which estimates the disturbance by using
the difference between the system control input and the calculation input obtained through
the inversion of the controlled plant model. It should be noted that frequency-domain DOB
requires the linear control systems or ignoring the nonlinear parts in nonlinear systems and
regarding them as disturbances. However, for most control systems, nonlinear dynamic modelling
is achievable, and its parameters are measurable [17], the estimation performance by the linear
DOB approach is much limited, so that, instead of broadly assuming as unknown elements,

reasonably using this knowledge could facilitate more effective controller designs. Accordingly,

53



CHAPTER 4. DISTURBANCE-OBSERVER-BASED U-CONTROL

the estimation and attenuation of disturbances and uncertainties can be remarkably improved

by utilizing the recognized non-linear dynamics in the design.

Chen [16] firstly proposed a universal nonlinear DOB (NDOB) for disturbance torques estima-
tion caused by unknown friction in nonlinear robotic manipulators, then Chen [14] used Lyapunov
stability theory to illustrate the estimation error of disturbances will converge exponentially to
0 eventually. The NDOB described in [16] was investigated further in [15], where the control
performance of a missile autopilot system had been improved. In addition, NDOB approaches
have been widely implanted to many real-time applications, such as the roll, attack and sideslip
angle control design for UAV [11], the position control of seven degrees of freedom manipulator
[68], and roll tracking control design of Quadrotor [2]. It may be seen that the previously dis-
cussed NDOB approaches are proposed in time domain, with the disturbance estimation in each
system state variables’ channel. Compared with time-domain DOB, frequency-domain DOB has
its unique advantage: can integrate all the external system disturbances and internal modelling
uncertainties into control input error, which is more intuitive, less computation and its adjust-
ment object is only the design of the low-pass filter [88]. However, because frequency-domain
DOB rechoirs the inversion of the plant model, which is difficult to obtain for a nonlinear system,
it cannot be directly applicable to nonlinear systems. Therefore, if one can construct the inverse
dynamic of nonlinear systems, the lumped disturbance can then be estimated directly using the

difference between system input and calculated input.

Another aspect of DOBC is the baseline controller designed to satisfy the required system
performance specifications. U-model based control (U-control) proposed and developed by [115,
125], takes the efficiency of UM dynamic inversion and can be applied as a proper control strategy.
By getting an inversion, the controlled plant can be compensated into “1” (a unit constant), which
brings a designer’s requested system response and phase delay-free between system inputs and
outputs. However, there are critical issues in dynamic inversion before making any designed
U-control system applicable in real situations. Because the inverter of the U-controller is highly
sensitive and dependent on the credibility/accuracy of the controlled plants, most existing U-
control approaches require accurate modelling without uncertainties. Accordingly, U-control
must consider such robustness in its designed control systems. It should be noted that almost
all U-control is still focused on its early research—model matched control, that is, with the
assumption of the model known exactly, then put the focus on those fundamental structural

issues.

Motivated by the advantages of the U-control and the frequency-domain DOB, this chapter
aims to develop a nonlinear DOB design framework, which is analogous to the conventional
frequency-domain DOB. Promisingly, as described in U-Model (UM) based dynamic inversion
algorithm [52], the inverse of the nonlinear system has been used to design a part of the U-
controller. Based the simulation experiments, also verifies the efficiency of UM based dynamic

inversion algorithm can be applied to not only affine nonlinear systems but also nonaffine
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——o2 . C(s)

Figure 4.1: Conceptual diagram of frequency-domain disturbance observer based control DOBC

nonlinear systems. This offers the possibility of extending the idea of frequency-domain DOB
into a new disturbance estimation approach using the difference between system input and
calculated input. In summary, there are two main contributions to the chapter. The first one is to
propose a new nonlinear DOB design method, extend the idea of conventional frequency-domain
DOB being applicable to a nonlinear system, which can integrate all external disturbances and
internal modelling uncertainties as system input error, whereas the conventional time-domain
nonlinear DOB estimates the disturbance in system state variables’ channel. The second one
is combining the strengths exhibited in U-control and this new nonlinear DOB to provide an
enhanced, fast-response, delay-free, and convenient design control framework, applicable to all
linear/nonlinear invertible controlled plants.

The remainder of this chapter is organized as follows: Chapter 4.1 states the excited issues of
nonlinear system control using DOB methods. Chapter 4.2 proposes a DOBUC design framework
and performance analysis by simulation experiments. Chapter 4.3 proposes an improved DOBUC
method and takes simulation experiments to illustrate and demonstrate the findings of the

studies. Finally. conclusions are presented in Chapter 4.4.

4.1 Issues of Nonlinear System Control Using DOB

4.1.1 Frequency Domain DOBC

Ohnishi [71] firstly proposed the basic diagram (shown in 4.1) of frequency-domain DOB by
ignoring the outer feedback loop, which is implementable for minimum-phase systems. As
described in [88], it is extended to nonminimum-phase systems. However, both frequency-domain
DOB requires linear systems, or their nonlinear properties must be estimated as disturbance
variables. Figure 4.1 shows the basic structure of the frequency-domain DOB control system.
Where G p(s) is the actual physical plant, Gy(s) is its nominal model, r is the reference signal,
d is the external system disturbance, e, is the lumped disturbance, and e, is the estimate of the

lumped disturbance. From Figure 4.1, the baseline controller C(s) in the outer loop is designed
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according to the desired tracking performance and the observer in the inner loop is designed to
reject disturbance and suppress uncertainty. The tracking and robustness requirements can be
implemented by separately designing the normal feedback loop and disturbance compensation
loop. It should be noted that when system modelling is without disturbance and uncertainty,
the disturbance estimation and compensation module in the inner loop will not be activated.

Consider a SISO linear minimum phase system by:
y=Gp(s)[u+d] (4.1)

where u is the ideal control system input, u. and y are the controller and the control system
output, respectively. It should be clarified that both external system disturbances caused by noise
and internal disturbances caused by modelling uncertainties can be estimated by frequency-

domain DOB. The lumped disturbance e, in Figure 4.1 contains two items as

ew=yGo(s) ' —u
=Gp()u+dIGo(s) ' —u
=Gp(s)Go(s) u+d1-Gp(s)Gp(s) Hu+d]+d (4.2)
= [Gp(s) ™ ~Go(s) ! |Gp()u+dl+d
= [Gp(s) " =Go(s) ]y +d

The first item in (4.2) relates to the modelling errors between the controlled plant Gp(s) and
its nominal model Gy(s), and the second relates to the external disturbance d. Therefore, e,
contains all of the disturbances and uncertainties. After letting it pass a filter @(s), the lumped

disturbance estimation e, is:

¢, =Q(s)Go(s) 1y —Q(s)u = Q(s)ey, (4.3)

The lumped disturbance estimation error, that is, é, — e, will need to be zero when time goes to
infinity. Clearly, filter @(s) should be selected as a low-pass filter, that is, in the frequency range
of @(Jjw) = 1. It is derived that the control system output is:

Go(s) v Gp(s)Q(s)
Go(s)+Q(S)IGp(s)—Go(s)]l © Go(s)+Q(S)Gp(s)— Go(s)]
_ Go(s)Gp(s) Yy GPEGEIL-Q)]

Go(3)+Q()Gp(s)—Go(s)] © Go(s)+Q(s)[Gp(s)— Go(s)]

d+d

y=Gp(s)
(4.4)

Clearly, the filter Q(s) should be selected as a low-pass filter, that is, in the frequency range of
Q(jw) =1, it follows from (4.4) that:

1ir%y =Go(jw)u. +0d (4.5)
w—

Equation (4.5) implies that the disturbances and uncertainties in the system have been eliminated

by the frequency-domain DOB.
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Remark 1. The difference order degree of LPF Q(s) between the denominator and the numerator
should be larger than that of the nominal model G¢(s) to ensure that Q(s)Go(s)_1 be proper.
Remark 2. Based on (4.3) Design the LPF Q(s) is close to 1 in all frequency range to guarantee

accurate estimation of the lumped disturbance that is, e;, = é,.

4.1.2 Nonlinear DOBC

DOBC for the linear system has been developed and employed in engineering for over three
decades. Ohnishi [71] pioneered the development of DOBC for motion control systems. After that,
DOBC has been employed in many mechatronic systems including disk drivers, machining centres,
dc/ac motors, and manipulators. However, this observer may make the DOB not implementable
due to the requirement of the inverse of the nominal plant G;,l, especially for nonlinear plant
[17]. To deal with nonlinear plants and uncertainty, one of the famous solutions is developing

DOB into nonlinear DOB (NDOB). Consider a classical nonlinear system:

{ x=fx)+g1(x)u+ galx)d ) (4.6)

y=h(x)

where xe R", d e R", u€ R, and y € R are the state vector, the lumped disturbance vector, and
the system input and output. It is assumed that f(x), g1(x), g2(x), and h(x) are smooth functions
in terms of x. [17] proposed a NDOB to estimate the disturbance for system (4.6) as:

(4.7)

A

2 =-l(x)ga(x)z -l (x)[g2(x)p(x) + f(x) + g1(x)u]
d=2z+p(x)

where d € R" is an estimate of all the disturbances and uncertainties, and z € R” is the estimate
of the internal states of the nonlinear observer. Although NDOBC has been successfully applied
in a wide range of fields such as industrial control [117] and aircraft control [78], it cannot be
denied that its design is complicated [565]. Where I(x), p(x) are functions that need to be designed
according to the system and need to be stable and satisfied by [14]:

I(x)= % and ég=—1(x)ga(x)eq (4.8)

where eg =d — d is the disturbance estimation error. Concretely, NDOBC realizes the efficient
control to nonlinear plants by extending the linear disturbance observer to a nonlinear distur-
bance observer. However, time-domain NDOB proposed by [14] is still defective in the following

aspects:

1. The design in time-domain NDOB [14] is more complex than frequency-domain DOB, and
therefore the design process of mentioned NDOB is more complicated and requires more

expensive computation [55].
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Figure 4.2: Conceptual structure of UDOB

2. The hypothesis of NDOB: the lumped disturbance d changes slowly with time [55], because
of the limitation of the convergence speed of NDOB; from [55], the state variables of the

plant’s model are known or can be directly measured.

3. The lumped disturbances estimated require the dynamics of the disturbance observer to be

faster than that of the closed-loop dynamics, which may put pressure on industrial design.

4. The estimation results from NDOB cannot be used for compensation directly because the

disturbances and control inputs are not in the same channels, where d € R™ but u e R.

4.2 Conventional disturbance observer based U-Control

4.2.1 U-model enhanced DOB (UDOB)

From Chapter 4.1, both DOB-based control methods have their shortages. Therefore, another
interesting and potential solution is considered to only change the inversion method to re-meet
the requirements of the frequency-domain DOB of nominal plant Gp and expand it to adapt
to the inversion of the nonlinear system. Inspired by U-model based (UM) dynamic inversion
algorithm [52], which can convert nonlinear inversion into linear expression without losing or
ignoring plants’ features or nonlinear functions. Based on the linear frequency-domain DOBC
structure in Figure 4.2, combining the advantages of UM dynamic inversion algorithm, a novel
UDOB is generated in this chapter.

From Figure 4.2, G, is the U-relation of nominal plant Gp, G, ! is the U-model based
inversion of G, d is the disturbance, u. is the controller output, « and y are control system input
and output, respectively. UDOB is similar to frequency-domain DOB in structure, and the core of
both is the inversion of controlled plant Gp and the design of the proper low-pass filter . The use
of UM inversion algorithm expands the inversion of the traditional linear transfer function into

an inversion method that can adapt to linear/nonlinear, transfer function/state space/polynomial
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based plants, and therefore expands its application range on the basis of frequency-domain DOB.
Compared with NDOB, this UDOB has the following advantages:

1. The computation of UDOB is cheaper (only the inversion of controlled plant G, ! is
required), and there are fewer parameters to be designed and adjusted (only parameters in
the filter @).

2. The estimates of UDOB can be used to compensate for the disturbances directly since the
estimation disturbances are in the same channels with the control inputs, where d € R and
uER.

3. UDOB does not require the assumption that “the lumped disturbance d changes slowly
with time” in [55] because the inversion process happens almost instantaneously if the

response of G.; is fast enough and the computation tool is very powerful.

4.2.2 DOB based U-Control (DOBUC)

Although U-control shows high efficiency in the case of model matching, its high sensitivity to
inversion [52] limits its real-time control application. UDOB stated its advantages in observing a
lumped disturbance in Chapter 4.2.1, by combining the lumped disturbance and system input
into the same channel, the control system design and disturbance compensation will be much
more easily realized. Accordingly, U-control can cooperate with UDOB’s rapid response, and
UDOB can reduce U-control’s sensitivity to accurate modelling of the controlled plants (improving
system robustness). Therefore, combining the advantages of both, this chapter proposes a novel
UDOB-enhanced U-control method (DOBUC). The structure of DOBUC is shown in Figure 4.3.

Figure 4.3: Conceptual structure of disturbance observer based U-control DOBUC

From Figure 4.3, this DOBUC has two loops inside and outside. UDOB of the inner loop can
estimate the lumped disturbances including the system input disturbances and modelling errors
due to uncertainties, U-controller of the outer loop will provide the system tracking performance
specifications required by the user. Manifestly, if the control system is perfectly matched and

without disturbances, the inner UDOB has no contribution to the system. In this case, the system
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tracking preference can be designed directly through the U-control method. When the system has
modelling errors or disturbances, the inner loop is activated and will reject the disturbance and
suppress uncertainty. Substantiated in Chapter 4.2.1, the estimate of the lumped disturbance in
UDOB can be used directly for compensation in the input channel of the U-control system. As
demonstrated in Chapter 2.1.3, when the inversion of the controlled plant is realized, a proper
low-pass filter will force the lumped disturbances to be suppressed eventually. Based on the
structure of DOBUC in Figure 4.3, the U-controller output is:

ue=(r-yGaG," (4.9)
The control system input can be calculated by:
y=ucGp=(yG,' ~u)QGp +dGp (4.10)
where y = (u + d)Gp from Figure 4.3. Then it derived from (4.10) that:
u.Gp—((u+d)Gp)G,' —u)QGp +dGp = (u+d)Gp

u.Gp+dGp-dGp(1+G,'QGp) =uGp(1+G,'QGp-Q) 41D

. Gu Y GrQ
G,+QGp-G,) ° G,+Q(Gp-Gy)

Therefore, the DOBUC system output can be calculated by:

d

y=Gp(u+d)
Gy GpQ
Gu+Q@Gr-Gu)'° G.+Q(Gp-Gy)
Gu _ (1 _Q)Gu
G.+Q(Gp—-Gy) Go+Q(Gp-Gy)
_ GpG.1 . GpGc1 v (1-Q)G,Gp
Gu+Q(Gp-Gy) Gu+Q(Gp-Gy)” Go+Q(Gp—-Gy)
Accordingly, the control system output from (4.12) becomes:
y( GPGcl +1) _ GPGcl e (1_Q)GuGP
G.+Q(Gp—-Gy) G.+RQ(Gp-Gy) Go+Q(Gp-Gy)
It is derived from (4.13) that the system output y equals:
_ GPGcl e GPGu(]-_Q)
1-Q)G,+Gp@+G,1) (1-Q)G,+Gp(@+Gc1)

_ GpGer L GpGI1-Q)
Gu+Q(GP_Gu)+GPGcl Gu+Q(GP_Gu)+GPGcl
Clearly, if the filter Q(s) is selected as a low-pass form, that is, lim,_oQ(jw) =1, it follows from

(4.14) that:

=Gp d+d

(4.12)

=Gp (r-=yGaG,"

(4.13)

y
(4.14)

. _ Gcl
3}1_1?(1)_)/ = TGCIT + Od (415)

From (4.15), modelling errors between Gp and G, will not affect system performance and the
external disturbances will be eliminated by the UDOB, then the structure of DOBUC is equivalent

to the structure presented in Figure 4.4. In summary, the design procedures of this DOBUC are:
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r e
——I ¢ I y

Figure 4.4: Equivalent structure after UDOB compensation

1. Convert the controlled plant Gp into its U-model based expression G,, then design its
dynamic inverter G;l through UM dynamic inversion algorithm. Accordingly, the model

inversion G;l should exist and satisfy the Lipschitz continuity globally uniformly:

1G(x1) —G(x2)ll < ¥1G llx1 — x2]l, V1,22 €R™

-1 -1 -1 n (4.16)
[G7Hx1) -G (x2)|| < y2G a1 —x2ll, V1,20 € R

2. Based on the dynamic inverse in (4.14) to design a disturbance observer with a suitable

low-pass filter @ = Parameter p should be selected large enough to ensure G, *

1
T+ As)P "
be proper; A is the filter time constant, which has an inverse relationship with the speed
of closed-loop response. It is noted that the smaller the value of A, the higher accuracy in

disturbance estimation.

3. Design invariant controller G.; with user-desired damping ratio { and undamped natural
w,?

frequency w,,. Where G.1 = % and G = o g

Remark 3. UDOB can be combined with any other baseline control methods because it
can integrate the lumped disturbances and system input in the same channel. The use of the
U-control method here is not only because of its superior control tracking performance but also
because it is very convenient and elementary to design a U-controller based on the realization of

controlled plants’ inversion.

Remark 4. Because of the restriction of model based dynamic inversion algorithm, UDOB is
not effective enough for non-minimum phase systems, while time-domain DOB does not have this
restriction [55]. Therefore, although UDOB shows its superiority, it is still necessary to select a

suitable disturbance observer according to the controlled plants in practice.

4.2.3 Control of wind energy conversion system (WECS)

The WECS model can be referred to (2.54) in Chapter 2.4.2, and its parameters can be referred
to Table 2.1.
Experiment 1: Tracking performance under uncertain wind speed and generator parameters

The wind speed v is chosen to be the same in [64] with a mean of 9m/s and turbulence intensity
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of 10%. Because the speed measurement is inevitably inaccurate, this simulation experiment
should consider the speed sensor noise.

Case 1: The speed measurement disturbance is chosen as a random value from —0.5 to 0.5 with
a sample time of 0.1s. Figure 4.5 shows the ideal wind speed for modelling and its real-time
measurement trajectory.

The simulation results for Case 1 are shown below. The generator output response and desired

T T T T T T T T

wind speed measurment (m's)
wind speed (m/s)

Time (seconds)

Figure 4.5: Ideal wind speed with its measurement

power output curves are shown in Figure 4.6, both control methods obtain fine tracking perfor-
mance in the presence of unknown measurable disturbance, whereas the DOBUC method has a
smaller tracking error in Figure 4.7. Figure 4.8 shows the disturbance observed result for system
input compensation and Figure 4.9 shows the system input with little difference between the
two control methods. When WECS only has unmeasurable wind speed disturbance, both control
methods show robustness for rejection.

Case 2: The speed measurement disturbance is chosen as a random value from -0.5 to 0.5, mean-

T T T T T T T T T

————— Desired power (MW)

— — —Pg (U-control) 7
Pg (UDOBUC)

Qutput power (MW)
)
©

| L 1 | | L I 1 |
5 10 15 20 25 30 35 40 45 50

Time (seconds)

Figure 4.6: Generator output power trajectory in case 1
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Figure 4.7: Tracking error in case 1
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Figure 4.8: Disturbance observer result in case 1
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Figure 4.9: System input total torque in case 1
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while, modelling errors appear in the experiment with AJ; = —0.2J;, AK; = —0.2K;. Therefore,
WECS system from (2.54) changed to:

P,T,—P,T,= %TaTg - —1'625KtPng - %Tg?’ (4.17)

Jt Jt

To demonstrate the superiority of the proposed control method further, the generator’s parameters
are supposed to have variations from their nominal operation values. The simulation results for
Case 2 can be observed below that the proposed control method attains better tracking perfor-
mance (4.10). UDOB’s contribution is already very obvious from Figure 4.12, and the tracking
error under the DOBUC method is therefore much smaller than the U-control method from
Figure 4.11. When WECS only has both unmeasurable wind speed disturbance and modelling

errors, the proposed UDOB demonstrates its efficiency in improving control system robustness.

—:--—Des;rcd power ‘(MW]
— — —Pg (U-control)
Pg (UDOBUC)

o
®

Output power (MW)
o
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3
@
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Figure 4.10: Generator output power trajectory in case 2
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Figure 4.11: Tracking error in case 2
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Figure 4.12: Disturbance observer result in case 2
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Figure 4.13: System input total torque in case 2

Experiment 2: Tracking performance under uncertain wind speed, generator parameters and
system input noise

In real-time control applications, the interference caused by noise or other signals in the
environment to the system input of this WECS is unpreventable. Therefore, Experiment 2
introduces a disturbance to the input control signal channel, a sinusoidal signal with amplitude
0.3(kN.m) and frequency of 1 Hz to further test the robustness of the proposed control method.
The generator response results are shown below. When the disturbance appears in the input
channel of the control system, the tracking curve of the U-control method has a large fluctua-
tion, and DOBUC can perfectly track the desired power from both Figures 4.14 and 4.15. The
proposed UDOB can accurately observe the input disturbance, and integrate all other errors
including unmeasurable wind speed and system uncertainties into the input disturbance and
then compensate from both Figures 4.16 and 4.17. Impartially, the proposed UDOB shows strong
strength in disturbance observation and integration, and this input compensation control method

for suppressing lumped disturbance is very convenient for the control system design and use.
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Figure 4.14: Generator output power trajectory in Experiment 2
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Figure 4.15: Tracking error in Experiment 2
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Figure 4.16: Disturbance observer result in Experiment 2
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Figure 4.17: System input total torque in Experiment 2

4.3 Imporved disturbance observer based U-Control

4.3.1 Problem Statement

This study considers the following SISO input/output differential equation to describe a general

nonlinear dynamic system
y(1n) = f(YD)+go(YDu++gm(YDu"™, m=n (4.18)

where y1 is the system output, u is the system input, Y7 absorbs all the system output y; and its

derivatives except the highest order one y(ln), that is
_ . (n-1)
Y= (yl,yl,yl,"' Y1 ) (4.19)

Remark 5: Model (4.18) is widely used to describe a kind of flat nonlinear systems [22]. Generally,
gi(Y1) =0, i € N* can be applied in many practical applications, which means the high order
derivatives of system input u®, i € N* do not exist. When the system considers the actuator,
gi(Y1)=0, i =2, which means the control system only needs system input « and its derivative .
Assumption 1: The system output y; and its related higher-order derivatives y1,j1,---, y(ln -1
can be bounded with a proper control input u.

Assumption 2: The following dynamic system meets global asymptotic stability
go(YD)u +go(Y1)u +- -+ gm(Y1)u™ =0 (4.20)

Remark 6: Assumption 1 is applicable to a lot of nonlinear control systems that satisfy the
smoothing prerequisite described in (4.18). Technically, this assumption would limit the field of
application of the proposed control system; practically, it would not have much impact. From
the author’s point of view, the core point of the control system is to make the controlled object

operate to meet and complete the designer’s requirements, which means that the controlled object

67



CHAPTER 4. DISTURBANCE-OBSERVER-BASED U-CONTROL

is stable in normal conditions. In this case, "the output y and its derivatives are bounded" is
reasonable in practical applications.

Meanwhile, the zero dynamics of system (4.18) is
200 +go(0)i + -+ g (0™ =0 (4.21)

The dynamic system (4.21) is globally asymptotically stable when it satisfies Assumption 2,
which means the control system described in (4.18) is minimum-phase. When using (4.18) to

describe the linear system, it turns to:

(n) (n-1) +

¥y +an-1y] a1+ a0y =bmu™ b 1w ™V 4 bou+bou, m<n (4.22)

Then Assumption 2 turns to:
bomte™ + by u™ V4 b+ bou=0 (4.23)

The above equation (4.23) directly leads to the property of minimum-phase for linear control
system from equation (4.22). The next step is to use the U-control method to design the baseline
controller to cancel both the nonlinearity and dynamic of (4.18) and design a DOB to improve its
robustness. It should be mentioned that all design of this new composite control system only uses
the measurement from the control input u and the output y from the model (4.18), rather than
requiring other information like high-order derivatives of system output ' and system state

variables.

4.3.2 Imporved U-inverter design

Chapter 2.2 has explained the basic concept/configuration of the U-control system. Manifestly, the
solving process of the controlled plant’s inversion (2.25) requires the system input z and output
y and their related high-order derivatives u) and y™. In this section, a new U-inverter design
based on the input/output model (4.18) is presented. The dashed area in Figure 4.18 shows the
basic design framework of this new U-inverter, in which r is the input of the U-inverter (marked
in the dashed zone), u and y; are the controlled plant input/output respectively. Based on the
U-control framework, U-inverter is designed to convert the controlled plant into an identity
matrix or unit constant. When there are no modelling errors and external disturbances from the
system, G, 1Gp = 1. In this case, the input of the U-inverter equals the output of the controlled
plant, that is, » = y;. Let the controlled plant input u be

U=Fk1(r-y1) 4.24)
where k1 > 0 is a sufficiently large constant. It follows from (4.24) that
u="k1(r-y1)

e (4.25)

u™ =y (r(”) - y(ln))
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U-inverter
r u = £ V1
"SR » Ky = =go(Dut+go(a+- >
" Y1 + G (Dut™
n =0
=go(u + go(Jut + - [*
+ gm(')u(m)

Figure 4.18: The design framework of new U-inverter

Clearly, from equations (4.24) and (4.25) and Figure 4.18, the proposed U-inverter only requires
the signal information of system output y; and reference r. Different from the general U-inverter,
high-order derivatives of y1 are not required in the whole design procedure. From (4.25), it follows

that

YI=Tr—g;
y1=r-%
{0 (4.26)
y(ln—l) — p(n-1) "D
(n)
y(ln) _ r(n) u :

Therefore, system (4.18) turns to

N -1
yg_n)zf(ylﬂyl’yla""yg_n ))

.. -1
+go(y1,y1,y1,---,y(1” ))u

o -1
+-"+gm(y1,y1,y1,"',y(1n ))u(m)
. -1
oy _ & S i )) (4.27)
k1 ki’ k17 k1
. (n-1)
u u u
; (n—-1)
+8o|r——,F——,,r -—|u
g0 k1 k1 k1 )
. (n-1)
u u u
. (n—1) (m)
+et r——,F———,,r -—|u
gm( k1 k1 k1 )

Add the same term f(R)+ go(R)u+---+ gm(R)u(m) to each side of (4.27) with

R= (rrr ,r<n—1>) (4.28)
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Then system (4.27) turns to:

u™
r(n)_ =f(R)+g0(R)u+~~~+gm(R)u(m)

k1
; (n-1)
u u u
+f(r__ai'__7“'ar(n_1)_ )_f(r7i'a"'ar(n_1))
k1 k1 k1
( (4.29)
. n-1)
+g0(7‘—i f—i oo pnD 4 )u—go(r Fyeee r(n_l))u
kl’ kl’ ) kl 5Ty ,
; (n-1)
u u u
+ ”+gm(r__5i'__5""r(n_1)_ )u(m)_gm (raf‘y"'sr(n_l)) u(m)
ki k1 1

Because the functions f(r,7,---,r®™1) and g;(r,7,---,r*D), i € N are both smooth, the following

inequalities exist at least locally

“f(r_kil’f_%"" ’r(n_l)_%:)) flrert) (4.30)
- (ii... u"” ”)H | '
=T PR TR
And
(r— :1 - k% RO ”:;D) —gi(r,f‘,'-- ,r<"—1>) ‘ wan
; (n-1) ’
<70 (kilkil e )H = 22 )|
where y1 and y9 are Lipschitz constants. For a convenient description, let
= (w1, u® )| (4.32)

Move term f(R)+go(R)u + -+ gm(R)u™ to the left side of the equation (4.29), organize it
according to principles described in (4.30) and (4.31), then equation (4.29) turns into

(n)

S (fR)+ goRyu+ - +gm(R)u‘m>)
k1

(4.33)
<Ly 2y |+ UIuI - YzU’u(m)‘
k1 k1 k1
From (4.33), it is clearly that when k27 — oo, the right side of the equation (4.33) has
Y2 m)| —
Jim —U+ U| |+ U|u|+ + 20 [u™] =0 (4.34)
k1—00 kl kl
Therefore, the left side of the equation (4.33) correspondingly has
u®
Lim |rm 2 _ (f(R)+g0(R)u T +gm(R)u(m))‘ -0
klﬂOO k]_
(4.35)

(n)
lim r™ — ‘;1 = FR)+go(R)u+ -+ gm@®)u™

k1—00
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Let (4.18) subtract (4.35), it then comes

(n)
) _ [ _ Y ) _ _ _ (m) _ (m)
Y1 (’“ k1 ) FXD-fR)+go(Y1)u—-goRu+---+gm(Y1)u gmR)u (4.56)

= f(Y1)—f(R)+(g0(Y1) — goR)u+ -+ (gm(Y1) — gm(R)) u™

Since the functions f(r,7,---,r®™ V) and g;(r,7,---,r*Y), i € N are smooth, the following in-

equalities exist at least locally

=V3

. — . -1
gi(f‘,f‘,“‘ ,r(” 1)) —&i (yl,yl,“' ,y(ln ))H

A ) B Z_:j [ (4.37)

where 3 is the Lipschitz constant. Move term f (Y1) — f(R) to the left side of the equation (4.36),
it has
(n)

(n) ny_U
_ [ _
71 ( k1

) _(F(YD) - f(R))‘

(4.38)
rs Buws...+ Byluym| =13 AT )
< Ul 20+t k1U|u = klU(|u|+|u|+ +ul™)
When k1 > 0 tends to infinity, the right term in (4.38) has
lim Ly (juf+fa)+-+u™) =0 (4.39)
k1—~oo kl
Substituting (4.39) into (4.38), it comes
(o _u"
% —(r " —k—l)—(f(Yl)—f(R))‘ =0 (4.40)
Based on (4.26), (4.40) becomes to
u®
¥ - (r(”) - k_l) =y -y =0 (4.41)
Because the term y(ln) - (r(") - %)) equals to 0, it can be concluded from (4.37) that
lfY1)-fR)=0 (4.42)

Substituting (4.42) into (4.36), it is clear that the left side of the equation (4.36) is equal to 0 as
well as the term f(Y71)— f(R), then it comes from (4.36) that

(go(Y1) — goR)u +(g1(Y1) — g1(R)t + -+ +(gm(Y1) — gm(R))Hu'™ =0 (4.43)
Extend (4.43) by (4.25), then it becomes

(g0(Y1) - go(R)u +(g1(Y1) - g1(R)i + -+ + (gm(Y1) — gm(R)u'™
=k1((g0(Y1) — goR)(r — y1) + (g1(Y1) — g1(R))(F — 1)) (4.44)
(- + (@m(Y1) — gmBN(r™ - 57)) =0
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U-controller
T u 2R {0 Y1
Ger ky = GoChu + goCYit + -
- -5 + gm (Yu™
V1

-0

= go(Iu+ go (N + -+

+ g (Jul™

Figure 4.19: New U-control system design framework

Let the error e; between the reference r and y1, that is, e; = r — y1. Because constant k21 > 0, it
follows (4.44) that

(8o(Y1) —go(R)e1+(g1(Y1) —g1(R)é1+ - +(gm(Y1) —gm(R))e(lm) =0 (4.45)

From Assumption 2, the system (4.45) is globally asymptotically stable. Accordingly, the error e
between the reference  and y; approaches zero asymptotically, which implies that y; converges to
r with a large enough parameter 21. When y; = r, the system dynamic inversion is implemented,
which also means the cancellation of system dynamics and nonlinearities is achieved. Therefore,
the structure in Figure 4.18 can be used to design U-inverter.

Remark 7: From (4.39) to (4.45), the error between the reference and system output will converge
to zero asymptotically when the parameter k21 adjusted to infinity. It seems this proposed U-
inverter is similar to the high-gain feedback controller, but it is not the case. Generally, the
high-gain controller requires system states variables [50, 61], and the high-gain controller is
designed to achieve desired system control performance, whereas the purposes of the proposed
U-inverter is the cancellation of system dynamics and nonlinearity. Additionally, this U-inverter
is only a part of the U-control system, which aims to construct an inverse model of the controlled
plant. Therefore, the basic idea of the proposed U-inverter is different from the high-gain feedback
controller. Any point that should be mentioned is that the proposed U-inverter only requires
information on the controlled plant input and output. [61] does not require system state variables,
but the frequency response and pole-zero locations are selected to design the system controller.
According to the U-control system design framework in Chapter 2.1.3, the updated U-control
system design framework is shown in Figure 4.19, in where the dashed area shows this new
U-controller, which contains both invariant controller G.1 and the proposed U-inverter. Clearly,

only system output and controller output signals are required in the system design process.

4.3.3 Imporved DOB design

From Chapter 2.1.3 and 4.3.2, a new U-controller design is proposed based on this new U-inverter.

However, from Figure 4.19, the model in U-controller is required to be the same as the controlled
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ld ’

we=f
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Figure 4.20: The framework of nonlinear DOB

model, that is, the whole U-control system is designed without system internal uncertainties
and external disturbances. In practice application, this “perfect modelling” is hardly existed.
Therefore, inspired by [23], a nonlinear input/output model-based DOB is introduced in the
U-control system design, which also only requires the information of system input and output.
The framework of [23] is shown in Figure 4.20. Set the nominal model of system (4.18) as follows
for NDOB design:

¥ = F(X0) +8o(Y0v + ... + gm(Yo™, m=n (4.46)

Where yg and v are the observer system output and input, respectively, f(Yy) and g;(Yy) are

smooth function associated with
Yo = (y0,30, 50,35 ") (4.47)
Let the input of the nominal modeled system (4.46) be
v="Fko(y1—0) (4.48)

Where y; is the practice system output and %¢ is a large constant. Thus, the disturbance d and

other modelling uncertainties can be observed as d = v — ug. It follows from (4.48) that

v=ko(y1—y1)
v ="Fko(y1—20) (4.49)
o™ = ko (5" - 54"
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where kg > 0 is a sufficiently large constant, from (4.48), it follows that,

YO=Y1" %5
YO=91" %5
{0 (4.50)
1 _ (n-1)
ygl ) _ yl(n 1) _ vk
(n)
y(n) 1 (n) _ vk_0
Then substituting (4.50) into (4.46), it comes
(n) ; (n—1)
w_ v, v D <n—1>_v_)
y1 7o f(y1 ko’yl ko,---,yl »
; (n-1)
v v (n-1y U )
T Ty S R o i g (4.51)
go|y1 %o Y1 %o Y1 %o
: (n-1)
v 0 (n-1)_ Y ) (m)
oo+ —— 11—, -——
gm(yl %o Y1 %o Y1 %o

Add the same term (Y1) +go(Y1)v +...+gm(Y1)v™ to each side of the equation (4.51), then it

becomes

(n)
v
W =T FVD)+ oYU + .+ g (V)0 ™
0

; (n-1)
v v _ v . 1
+(f Y11= e y1 Y - )—f(yl,yl, LA )))
ko ko ko
(4.52)
v v p=D
+(g0(y1—— §1= 5oy - )—go(y1 T,y 1)))
k07 kO’ b ko b b .y 1
' (n-1)
v (-1 U ) . (n-1) ) (m)
+ 7 T ey -5 |~ 5 gy v
(gm(yl ko Al ko W2l ko gm(yl Al el )

Because the functions f(r,i'",...,r("_l)) and gi(r,f,...,r(”‘l)), i € N are smooth, the following

inequalities exist at least locally

; (n-1)
v v B v .
”f(yl__’yl__""’yl(n Y- )—f(yl,yl, S D)’
" o ko (4.53)
) p=1 .
<7V4 (i,i,..., )H H( 0,0,...,0 (n—l))“
And
; (D)
v v
Hgi(yl_k_’yl_k_""’y - ) gz(yl,yl, L 1))
’ t (4.54)

(= 1)
v 5 . (n-1)
S | P
ko ko’ ko

Where y4 and y5 are Lipschitz constants. Then move term f(Y1)+go(Y1)v+...+ Zm(Y1v™ to the

left side of the equation (4.52), organize it according to principles described in (4.53) and (4.54),
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then equation (4.52) can be turned into

|y1(n) - (f(Yl) +go(Y1v+... +gm(Y1)U(m))|

s%+Z—§H+Z—zH(|v|+|v|+...+v(””) 5%
When k( goes infinite, the right side of the equation (4.55) has
lim U Vi, T ; m) =
Jim - +k0H+kOH(|v|+|v|+...+v |=0 (4.56)
Therefore, the left side of the equation (4.55) turns into
1™ = (£ + goFi)w + .+ gm(F10™)| = 0 s

yl(n) = f(Yl) +g0(Y1)U +...+ gm(Yl)v(m)

Combining (4.57) and (4.18), it gives

7™ =y =f D)+ go¥Yu+ ...+ gm(Y1)u™
~(FarD+go¥o + ...+ gm(¥v™) (4.58)
=g0(YD( —w)+1(Y1)E =)+ ... +gm(¥) (0™ —u™)

It is clear that the left side of the equation (4.58) equals to 0, let the error e be ex =v —u, it
comes from (4.58) that
go(Ynez +g1(Y1)és +... + gm(Y1)ey” =0 (4.59)

From Assumption 2, system (4.59) is globally asymptotically stable. Accordingly, the error
between u and v approaches zero asymptotically. Therefore, the observed d can converge to the
lumped disturbance represented by the practical disturbance d and modelling uncertainties

asymptotically.

4.3.4 Imporved DOBUC design

The proposed U-control in 4.3.2 shows the efficient control design which only requires the
system output, however, this efficiency strictly appears in the case of the model matched. In
practice, the modelling errors and system external noise will exist and restrict the proposed
U-control performance. The input/output model-based DOB described in 4.3.3 presented its main
advantages in observing the system disturbances with only system input/output information.
This DOB can amalgamate all uncertainties and system disturbances into the system input
channel, which will make disturbance compensation be implemented easily. Accordingly, the
combination of this nonlinear DOB and the proposed U-control makes it possible to reduce
U-control’s sensitivity and improve the robustness of the control system.

Based on the new U-control system design framework in 4.3.2 and DOB described in 4.3.3, this
study proposed a new DOBUC design framework shown in Figure 4.21. Concretely, this DOBUC
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Figure 4.21: New DOB based U-control design framework

has three loops: DOB in the inner loop can estimate the disturbance caused by modelling errors
and system noises, and then amalgamate them into the system input channel; U-inverter in the
inner loop will cancel both the system dynamics and nonlinearity, convert the controlled plant
to an identity matrix or unit constant when combined with its dynamic inversion; G.; in the
outer loop is used to design the desired control performance. Manifestly, if the control system is
perfectly modelled and free of system external disturbance, the inner DOB will not be activated
and the system will be converted into a simple linear closed-loop feedback control system with
the dynamic cancellation from U-inverter; when disturbance exists in the system, U-controller
will compensate the disturbance estimated by activated DOB into the input channel. Finally, the
framework of DOBUC is equivalent to the following framework in Figure 4.22:

Accordingly, the design procedures for the proposed DOBUC are:

v

r €
m > Gcl > 1 4

Figure 4.22: Equivalent U-control framework after NDOB compensation

1. Design the U-inverter based on Chapter 4.3.2. The design parameter k1 should be selected
large enough to satisfy (4.34) to implement an efficient U-inverter. It should be mentioned

that the model inversion should exist and satisfy the Lipschitz continuity globally uniformly:

|G(x1) — G(x2)| < 71G |x1 — x2|, Vx1,x2 € R"

(4.60)
G (x1)— G xo)|| = y2G ! a1 —x2ll, V1,22 € R"

2. Design the nonlinear DOB based on Chapter 4.3.3. The design parameter kg should be
large enough to satisfy (4.56) and guarantee that the disturbance estimation error can

converge to a small region.
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— — —Wind speed measurment (m/s)
Wind speed reference (m/s)

Speed (m/s)

Figure 4.23: Wind speed measurement

3. Design invariant controller G.; with customer-defined damping ratio { and undamped
natural frequency w,, to achieve control performance specifications. Where G.1 = % and

2

G= g2

$24+20,5+w, 2"

Remark 8: Theoretically, the larger parameters k¢, 21 can realize more efficient U-inverter and
improved disturbance estimation performance. However, the system output noise level will also
be increased by the increasing value of kg and k1. Accordingly, the parameters kg and %1 should
be adjusted from small to large until the control performance specifications are meted. It also
should be noticed that k1 needs to be larger than k¢ to ensure the U-inverter converges faster
than the nonlinear DOB because this DOB requires the information from U-controller’s output to

estimate the disturbance.

4.3.5 Control of wind energy conversion system (WECS)

The WECS model can be referred to (2.54) in Chapter 2.4.2, and its parameters can be referred to
Table 2.1. The turbulence intensity is 10% and the mean value of wind speed v in this experiment
is 9m/s [64]. This simulation experiment introduces the wind speed sensor error because of its
inevitable disturbances. Accordingly, the speed sensor error is chosen as a 10 Hz white noise,
with the value from —0.5 to 0.5. Figure 4.23 shows the wind speed with and without sensor error.
The block framework of this control system is given in Figure 4.24.

According to the design framework presented in Chapter 4.3.4, the parameter in U-inverter
is: £1 = 1000 and in the nonlinear observer is k9 = 500. To assure a fast-tracking performance

without overshooting, the damping ratio and undamped natural frequency are chosen as { =1 and

1
0.01s2+0.2s

control method, a disturbance d is introduced and defined as:

w5 = 10 for invariant controller design as G.1 = . To test the robustness of the proposed

Je { 2sin (L) 0<¢<16n 461)

0.7sin(¢) 167 <t <100
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Figure 4.25: System output power

Additionally, modelling errors are considered in this simulation experiment with ; = —0.9¢J;,
K;=2K;,and T, = —4T,. Therefore, WECS system in (2.54) changed to:

5T,
0.1J;

3K 1
2 t 3

7, (4.62)

Png _Png =

The simulation results can be observed below. From Figure 4.25, the proposed DOBUC method
has good tracking performance; the tracking error rate is less than 1% (compared to peak output
power) from Figure 4.26. Obviously, the NDOB shows efficacy in the observation of both system
disturbance and modelling errors from Figure 4.27, and the controller output is smooth without

chattering from Figure 4.28.

4.4 Summary

Firstly, this chapter presents a novel disturbance-observer-based U-control method inspired by
the frequency-domain DOBC structure. This novel DOB applies to linear and nonlinear control

systems with invertible controlled plants/processes. With the demonstration of the WECS simula-
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Figure 4.26: Tracking error

— — —External Disturbance
————— Modelling error
Lumped Disturbance Estmation

0 10 20 30 40 50 60 70 80 90

time (s)

100

Figure 4.27: Disturbance observer result
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Figure 4.28: System input total torque
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tion tests, the U-control method has considered the full complex nonlinear dynamics, and the
proposed DOB can observe all system input disturbance and modelling uncertainties. Different
from the time-domain NDOBC, the proposed UDOB can integrate all lumped disturbances into
the control input channel and perform compensation design, which provides convenience and new
ideas for the research of robust control systems combined with other mature control methods.
However, subject to the characteristics of UM dynamic inversion algorithm, this proposed DOB
can only be applied to a type of invertible and bounded plants/processes. For systems that are
unbounded or complex inversion (large computation), the performance of the proposed DOB will
be critically restricted. In summary, for systems with a higher order that meet the mentioned
assumptions, it is more convenient to use DOBUC; for systems that do not meet the assumptions
or the inversion process requires large computation, the classic NDOBC is more efficient.

Secondly, This study proposes a novel improved DOBUC framework for linear/nonlinear systems.
It removes the restriction of the current state feedback U-control systems that request observable
or measurable state variables. The proposed U-inverter provides a robust dynamic inversion of
the control plant so that it makes the U-control inherit robustness throughout the control system
operation. It should be noted that this DOBUC requires the controlled input/output system being
minimum-phase, which should take care of applications. At the same time, integrating all lumped
disturbances into the control input channel also means that the allocation of input disturbance
compensation will become a challenge for the multiple input multiple outputs (MIMO) systems,
how to efficiently allocate disturbance compensation in MIMO systems and taking up applications

to practical systems for the bench tests are the next research direction.
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CHAPTER

U-MODEL BASED SLIDING MODE CONTROL

lant modelling has played a very critical role in model-based control system design. In
general, there are two main important considerations for model utility and control system,
1) Approximation capabilities in terms of accuracy and conciseness. 2) Control-oriented

structure for control system formation and calculation.

Regarding the first concern, in practice, even for academic research, seldom models have an
accurate representation of real plants, therefore model-based control system design should take
internal uncertainty and external disturbance like system error into consideration [70]. Sliding
mode control [82] (SMC) has been effectively used to deal with uncertainties in way of a variable
structure system, that is, a control system involving discontinuous control actions. Sliding mode
control has developed in various sliding manifolds such as the integral sliding mode control
approach [40], second-order sliding mode control approach [24], super-twist sliding mode control
approach [119], and adaptive sliding mode control approach [59]. SMC method is a special kind
of non-linear control with the characteristics of control discontinuity, even though the switching
characteristics of the control system structure change with time. In summary, the advantages
of the SMC method are that firstly the dynamic behaviour of the system may be tailored by the
particular choice of the switching function [82] and secondly even if the system has external
disturbances and uncertain parameters, the sliding mode control method can still keep system

stability and have strong robustness.

For the second concern, the key idea used in this study is U-model based control method, the U-
control method in short. which has been introduced and studied well in Chapter 2.1.3. Generally,
the U-control approach can save the computation of the control system design procedure by
avoiding nonlinear system modelling linearization processing. However, U-model based dynamic

inversion is very sensitive to internal uncertainties as well as controlled performance. In this
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case, reducing the U-control method’s sensitivity to uncertainty, that is, improving its robustness
is a hot research issue. Meanwhile, continuous time (CT) U-control system design is less attended
[129]. This is because it is difficult the solution of CT dynamic inversion with high-order derivative
terms of controlled system input and output. Consequently, this study takes these two challenges
to try a solution for CT U-model based robust control system design, that is, in form of combined
U-control method’s computation saving capacity and SMC method’s strong robustness.

Accordingly, the main contribution of this study is justified with

1. Proposal of a new U-SMC framework integrating U-control and SMC method, which accom-
modates both control-oriented model structure and strong robustness against imperfect

model representation

2. Proposal of a new U-model based double sliding mode control (UDSMC) control method, im-
proved U-SMC method, firstly treating system dynamics as unknown disturbance, further

reducing the dependence of control algorithms on system information.

3. Computational experiments by Simulink to bench test the developed control system design
procedure. In addition, the exemplary case study provides potential readers/users with a

routine for their ad hoc research expansion and applications.

The rest of the study is organized as follows: Chapter 5.1 introduces the basic principles and
concepts of the SMC method. Chapter 5.2 presents the U-SMC system design framework and
design procedures, and its control performance is demonstrated by simulation experiments. Based
on Chapter 5.2, Chapter 5.3 proposes a U-model based double sliding mode control (UDSMC)
method and takes simulation experiments to illustrate and demonstrate the findings of the

studies. Chapter 5.4 draws the conclusion and future work of this study.

5.1 Introduction of sliding mode control

5.1.1 Basic principles and design methods

Sliding mode control (SMC) theory originated in the former Soviet Union in the late 1950s and
was led by Emelyanov [27] and Utkin [97] to solve the problem with a special type of variable
structure (discontinuous control system). Because of its special advantages of robustness to
system disturbances and uncertain parameters, it has been widely researched by scholars. The
main idea of sliding mode control is to drive the system state to the designed sliding surface and
maintain it through the action of the control method. The main difference between SMC and
other control methods is the SMC’s system structure is purposely changed according to the state
of the system, which is forced to move according to a predetermined trajectory. Accordingly, SMC
has been widely used to solve some complex engineering control problems, such as motor system

control [100], robot [13] and UAV control [67], etc. However, sliding mode variable structure
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Figure 5.1: Three kinds of points on the sliding switching surface

control has an obvious disadvantage in addition to the above advantages, which is the chattering
problem of the control law [4, 25]. Due to the existence of switching time lag, system inertia, and
spatial switching lag, the controlled objects of the system produce chattering. Chattering may
make the system unstable and other hazards, which affects its practical application. Therefore,
it is of great significance to suppress the chattering of the system and increase the engineering
application of sliding mode control.

The two main stages of sliding mode control [97] are: 1) reaching stage: the system state is
driven by any initial state and reaches the switching manifold within a limited time (expected
sliding mode); 2) sliding mode stage: the system state is sliding on the surface and keeps the
trajectory of the system on the sliding surface. There are two main steps [97] corresponding to
these two stages, which are: 1) The selection of the switching manifold, that is, the sliding mode
surface s(x): select a group of switching manifolds with specified ideal dynamic characteristics
(sliding surface). 2) controller design: forming a discontinuous control strategy to ensure the
limited time accessibility of switching manifolds. The controller can be local or global, depending

on the specific control requirements.

5.1.2 Basic concepts and mathematical description

Consider a nonlinear system, which can be expressed as:
%= f0)+Af (x) +[B(x) + AB(x)]u (5.1)

where Af(x) and AB(x) are system uncertainies. Then sliding mode surface function can be
designed based on the system as o(x) and o(x) = 0 is called the switching surface, which can
divide the state space into 0 >0 and o < 0. As shown in Figure 5.1, the points on the switching
surface can be divided into three types, namely: A (normal point), B (start point), and C (end

point) respectively. Among them, only point C has a special meaning for sliding mode motion.
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After determining the switching function, the control law can be defined:

*(x), >0
u (x), ox)<0
where u"(x) # 1~ (x) and SMC needs to meet three requirements:
1. The sliding mode exists, that is, the above formula (5.2) holds.

2. Satisfying the accessibility condition, the movement points other than the switching surface

o(x) =0 can reach the switching surface within a limited time.
3. Ensure the stability of sliding mode movement

The existence of the sliding mode is a prerequisite for the application of sliding mode control.
The goal of reaching the condition is to ensure that the system state is at any position, and
the control strategy forces them to approach and reach the sliding mode surface, that is, their
trajectory is in the sliding mode area. Therefore, the sliding mode control needs to meet two
conditions:

lim 6 <0 lim >0 5.3)

o—0* o—0~
Equation (5.3) indicates that in the near zone of the switching surface o(x) = 0, the system state

reaches the switching surface within a limited time. Equation (5.4) is therefore equivalent to:

6o <0 (5.4)

5.1.3 Invariance of sliding mode control

Consider the system described in (5.1) and let the switching function o = o(x), therefore, its
derivative is 5
d:a—a(f+Af+(B+AB)u) (5.5)
x

When the system reaching the sliding surface, o = 6 = 0, therefore, the equivalent control is:
oo oo
Ueq :—(—(B+AB)) —(f+Af) (5.6)
Ox Ox
Bring equation (5.6) into equation (5.1):
0 1o
a‘c=f+Af—(B+AB)(—U(B+AB)) ZZ(f +1f) (5.7)
0x Ox
Let Af =Bk1 and AB = Bkg, equation (5.7) can be converted into:

-1
x=f+Bki—-(B +Bk2)(a—0(3 +Bk2)) a—O-(f +Bk1)
0x 0x

-1
=f+Bk1—B(I+k2)(I+k2)‘1(a—UB) 99 +BRy) (5.8)
Ox ox

o\ Lloo do 1
-("B(aB) a)f *B(aB)
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G c1 Gp_l(U -model)

Figure 5.2: U-SMC system framework

It can be seen from (5.8) that the uncertainty and parameter changes of the system have no

impact on the sliding mode system, this property is called the invariance ability.

5.2 Sliding mode enhanced U-control (U-SMC)

5.2.1 U-SMC and its design procedure

Due to these two main problems (controlled plant inaccuracy and system disturbance) that will
greatly impact U-control performance in Chapter 2.1.3, this Chapter combines the U-control
method and SMC method to enhance the robustness of U-control.

From Figure 5.2, Gy is the actual plant model which could be a linear or nonlinear dynamics
model and contains uncertain system coefficients. r is the reference, which is the desired output
of the control system, and e is the difference (error) between the output y and the reference r.
G 1 is a linear invariant controller which can be designed by G.1 = % while G;,lG p =1based
on Chapter 2.1.3. G;l(SMC) model is the core part of this U-SMC system, which can compensate
for the inversion error of the plant model Gj;. Same to U-control, the U-SMC framework is also
applicable to both uncertain linear and nonlinear structures as long as ideal dynamic inverse

G;,l exists. In general, the U-SMC system design procedure has two separate steps:

1. Design ideal U-control system Assume the ideal plant model Gp is stable and bounded, and
its inverse G;,l exists. Design a U-control system based on 2.1.3. Replace the ideal plant
model Gp in the U-control system with the actual plant model G ;. Accordingly, the system

can be described as below, which is the same to (2.15):

(F,U(Gc1,GpY),Gu) (5.9)

2. Design compensated plant inverter G, Assume the plant model Gy is bounded, and its
ideal inverse Gl,_,1 exists. From Figure 5.2., the U-SMC controller which is shown in the
dashed has three parts: the invariant controller G.1, the ideal plant’s dynamic inverter
G;l and the compensated plant inversion G;l. To facilitate the design of G;l, system (5.9)

can be converted into:
(F.U{G.1,(Gp'.G.")}.Gu) (5.10)
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where {G.1,(Gp',G,!)} is defined as U-SMC controller. Determine (Gp* +G,1) to work
out the controller output u, which is the control input to the plant G;. The eventual goal
is to make plant output equal to the invariant controller output: v = y, that is, reaching

(Gp*+G,1) Gy =1 under the proper dynamic inversion.

5.2.2 Compensated plant inverter G,' design procedure

Consider a general SISO CT state space model as:

X=FX,u)
(5.11)
y=H(X)
where u,ye R, X e R", F € R" is a smooth mapping to represent the input to the state, and
H € R is a smooth mapping to drive the states to the outputs. In this study, assume that there
are no unstable zero dynamics (i.e., the model is reversible) and that the state X can be obtained
through measurement or observation. Expand this model (5.11) into a multi-layer polynormal

expression as follows:

%1 = f1(x1,%2,...,%0-1,%n)

32:2 = fZ(xl,xZ’-'-,xn—laxn)

4 : (5.12)
Kn-1=[2(x1,%2,...,%n-1,%p)

xn = fn(x17x27--->xn—1axn)+g(x1ax2a---,xn)u +d

y=x1

where d is the control interference and |d| < d. When reaching (G;l +Ge_1) Gy =1, the plant
output equals the invariant controller output, that is, y = v. Therefore, the desired input—output
tracking error compensated dynamics for the controlled system (5.12) can be defined as output
tracking error e = x1 — x4, where x4 is the user-designed invariant controller output. From the
designing procedure of the dynamic inverterGl_,l, it is known that the direct relationship between
u and y has been found after m (m < n) times differentiating the state variables in the output

equation. Therefore, based on [27], the error equations are designed as:
e1=x1—xg
eg=e1=x1—X

{ eg=eg=Kk1—iq (5.13)

em=€m-1= xl(m_l) _xd(m_l)

Where x1" D and x4"D are the (m — 1)th order derivative of the plant output x; and desired

output x4. Specifically, the sliding surface function can be therefore defined by:

og=cie1+cgoeo+...+Cm_1em-1+tem (5.14)
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From equation (5.14), the derivative of the sliding surface is

o=c1é1+co9éo+...+Cm-16m-1+€m
(m) (m) (5.15)
=Cl(xl—x}i)+02(5éz—5éd)+...+(xlm —xdm)

Where ¢c; e R*,i € R*. is the bandwidth sliding surface function coefficient. Same as the U-model
stare space expression, replace the highest order derivative of the desired output x;"™ with v,
in this case, the other orders derivatives of the desired output x4?(0 < i < m) can be expressed
by the (m —i) times integral operation of v, that is, x4® = v (%)m_i, where % is the Laplace
transform of integration. In this case, error equations system (5.14) and sliding surface (5.15)

can be converted into:

e1=x1—v(%)m
8 . 1\ym-1
eo=e1=Xx1—U0U| =
g [ (5.16)
em =€m-1 =x1(m_1)—v(%)
m-1 m-2
('7201(561—0 1) )+cz(3'c'2—(1) )+~--+(X1(m)—v)
S S
(5.17)

m—1 . m—i
=Y (cixl(”—v(%) )+ (xl(m)—v)
i=1

However, in the actual calculation process, direct calculation of x1™ can be complicated,
therefore, continuously differentiating the lower order derivates of x1) and replace its first order
derivates items with corresponding items in equation (5.12) until i = m. Therefore, the first
(m —2) times differentiating operation does not have x, items and the expression of a series of

derivatives of x; are:

%1 = f1(x1,%2,.. xn—1)=F1(x1,x2, Xn-1)
3y . F oF
Y1=F1=51f1+550fe+...+

ax = fn-1=Fa(x1,%2,...,%p-1)

Rz (5.18)
oM =gy B py | Owetp ) Ol (f, 4 gy +d)
In this case, equation (5.17) can be expanded to:
m—1 . 1 m—i
0= Z cix1(l)—v(—) )+(x1(m)—v)

= s

1_11 - o o . (5.19)

m— 1 - _ _

=Y ¢ Fi—v(—) +( mle e 2 ey 1(fn+gu+d)
i=1 s 0x1 0xg 0xp,

Let 0 =0, the equivalent controller output and switching controller output are

-1 [(m-1 m—i
ueq:—(aFm_lg) (;ci(Fi—v(%) )+(6Fm_1f1+0Fm_1f2+...+aFm_lfn—v)) (5.20)

0xy, 0x1 O0x2 0xp,
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aFm—l -1
Ugy = —( g) (esgn(o)+ ko), e>0,k>0
0xp,

Therefore, u = u.q + ug, Bring controller output u into sliding surface (5.19), it has:

aFm—l

d
0x,,

0= —esgn(o)—ko+

Let e =d + p, p >0. The Lyapunov function can be defined as V = %02, then:

aFm—l

Xn

V=06=0|-(d+p)sgn(o)—ko+ d

_ oF,, _
=—(d+p)lol —ko?yo—""1yg
O0xp,

S—plal—ka250

Therefore, when t — 0o, 0 =0. When o = 0, equation (5.23) can be converted into:

em =—C1€1—C2€9—...— Cm—1€m—1
0 1 0
Let A= O : 1 ,where A is Hurwitz. Let E1 = | e1 es
-c1 —c9 —Cm-1

then equation (5.24) can be rewrite as:
E1=AE;

Consider @ = QT > 0. Due to A is Hurwitz, there will be a Lyapunov function:

ATP+PA=-Q

(5.21)

(5.22)

(5.23)

(5.24)

€m-1

(5.25)

(5.26)

The solution of equation (5.26) is P = PT > 0. Based on equation (5.25), consider the Lyapunov

function: V1 = FE fPEl, then:
Vi=ETPE,+ETPE,
=(AE)TPE,+ET(AE,)
= E{ATPE,+E{PAE, =E](A"P+PA)E,
=-ETQE; < - Anin @) IE11 <0

(5.27)

Where A,,i, (Q) is the smallest eigenvalue of the positive definite matrix @. From V; <0, it

hase; — 0,e2 —0,...,e,,-1 — 0. From equation (5.24), e,, — 0. Based on error equations (5.13)

and e; (i >0) — 0, x1? — x4 will be established. In this case, the plant output y equals the

designed invariant controller output v, that is, (G;,l + G;l) G =1 reached. Additionally, A is a

Hurwitz matrix, which means the real part of the eigenvalue of the matrix A is negative, that is,

Re[A;]1<0.
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Figure 5.3: Simplified pitch model of the helicopter [75]

5.2.3 Simulation demonstrations

In this part, a simplified helicopter pitch dynamics model is selected to test the U-SMC method.
The invariable controller G.1, ideal plant inverter Gl_,l, and compensated plant inverter Ge_1
will be designed step by step according to Chapter 5.2.1 to 5.2.2. Then three experiments are
arranged to demonstrate the consistency of the U-SMC method under the ideal error-free model,

the model with uncertainty, and plus system noise based on the previous uncertain plant.

1. Simplified helicopter pitch dynamic model
The schematic diagram of the helicopter [75] is shown in Figure 5.3. The nonlinear model

of the pitch dynamics of the simplified helicopter is described by the following equation:
élyy +Mpe18legxCOSO +Mper8leg.sind +Fyy0 (5.28)

This simplified helicopter model has two degrees of freedom in the vertical direction with
only one actuator: propeller lifting power. Let = x1, = x2, convert nonlinear system (5.28)

into state space expression:

{ = (5.29)

X2 = %(_mhellchgcos(xl) - mhellcgzgSin(xl) —Fypmxg + u)
vy

where x1 is the pitch angle 6 and x represents the pitch rate w; I, is the second moment
around the y-axis; mp,; is the mass of the helicopter; /.4, and /g, are displacements from
the centre point of mass (GC in 5.3) relative to the rotation joint B shown in Figure 5.3; F, s
is the pitch damping; u is the control torque exerted by the main blade of the helicopter

around the y-axis;
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2. Invariant controller G.; design
In order to make the system has no overshoot, therefore, system (5.29) should be a critical
damping system that returns the system to equilibrium (desired reference) as fast as
possible without overshooting. With reference to the U-SMC system design procedure
proposed in Chapter 5.2.1, this study chooses system damping ratio { = 1 and natural

frequency w, =5. Accordingly, the desired closed-loop system gain is assigned with the:

YS) o 25
75 -%®= 5703 (5.30)

+10s +25
From Chapter 2.1.3, the invariant controller G.; with a unit constant plant in a feedback

control system is determined by taking the inverse of the closed loop transfer function

(5.30) as below:
G 25

G = =
717G $2+10s

(5.31)

3. Ideal inverter G}_,1 design
According to the ideal plant dynamic inverter G;,l design procedure in Chapter 2.2.2,
continue to take the derivative to then it can be found:
1 .
y=x2= I_ (_mhellchgcos(xl) - mhellcgzgSln(xl) —Fypxg + u) (5.32)
vy

Then the system (5.32) can be rewritten into U-model expression:

y=Ay+A1u
Ao = ﬁ(—mhezlchgcos(xl) — Mpetlcgz85in(x1) — Fypxa) (5.33)
M=4

1 Iyy

Let j be replaced with v, then the inverter G;,l is designed as

_v—Ap

» (5.34)

Ui

4. Compensated inverter G,' design

Based on Chapter 5.2.1 and 5.2.2, the error equations are designed as:

2
{ er=x1-v(;) (5.35)

eg=e1=x1 —U%
The sliding function for the system (5.29) is:
o =ceq+ey (5.36)

From equation (5.35) and (5.36), we have:

+(x2 —v)

1
0= ce1+eg= c(a’cl -v—
S
(6.37)
1 1 . u
=clxg—v=|+|+—(-mpeilcgxgcos(x1) — Mperlcgz85in(x1) — Fyprxz) + — —v
s Iy, Iyy
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Parameter | Value Unit
I,y 0.0283 | kgm?
Mpel 0.9941 kg
legx 0.0134 m
legz 0.0289 m
Fou 0.0041 | Nm/rad/s
g 9.81 m/s?

Table 5.1: Parameters for the helicopter characteristics

Bring U-model expression (5.33) into (5.57), it can be converted into:
1
o= c(xz — v—) +Ag+Aiu—v)
s

v—c(ra—vi)- 1o (5.38)
A

Ugy = —(esgn(o)+ ko)

ueq =

Assume there is no disturbance first, let p =0.1, c =10 and £ =d + p = 0.1. In order to keep
the sliding rate [82], let £ = 1, then the output of the compensated inverter G;l is:

Us = Ueqg + Ugy — Uj

v—lO(xz—v%)—/lo v—2A

_ o iy —(sgn(o)+0) (5.39)
—10(x0 —vi

200208 oo

A

To avoid system chattering, the switching operation should not be held if the system
dynamic sliding inside the boundary ¢ € R*. When the system dynamic is outside the
boundary &, the switching function is defined by:
sgn(o) lo|l=
sat(o) :{ gnlo) lol= ¢ (5.40)

% lol< &

For more precise convergence and assuming this system has no disturbance or uncertainty

at the starter, { should be small. Let ¢ = 0.05, then the compensated inverter Ge_1 is shown:

B —10(x2 - vl)

Ug = $2 —(sat(o)+0) (5.41)
M

The experiment modelling parameters are shown in Table 5.1. Here are the three simulation

experiments demonstrating the efficiency of the proposed U-SMC method:

1. Experiment 1

The first experiment assumes the helicopter system is perfectly modelled and free of distur-
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Reference
—————— plant output

| | | |
0 5 10 15 20 25 30 35 40 45 50
Time (seconds)

Figure 5.4: U-SMC system output and reference in Experiment 1

U-SMC Controller output

05 i i i
0 5 10 15

0 25
Time (seconds)

Figure 5.5: U-SMC controller output in Experiment 1

bances. In this case, the model of this system can be described with specific parameters:

y=Ao+Au

Ao =—4.618cos(x1)—9.958sin(x1)—0.1449x9 (5.42)
_ 1

A1 = 50283

Figure 5.4 shows the tracking results of the ideal simplified helicopter model controlled by
the U-SMC method. Figure 5.5 shows controller output. Figure 5.6 shows the compensated
inverter output. It is clear that when the system is free of disturbance and uncertain-

ties, only the U-controller is in charge of the whole system. The output of the U-SMC

compensated inverter is zero, which means this inverter is not activated.

2. Experiment 2

In practical control system operation, a perfectly matched model will cost much. Therefore,
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0.8f 1 ! | [ Compensated inverter] |

06

0.2

02

04

06

08

. 15 20 25 30
Time (seconds)

Figure 5.6: U-SMC compensated inverter output in Experiment 1

to accommodate such inaccuracies, system (5.29) is therefore changed into:

x1 = Dxg (5.43)
Xo = %(_mhellchgcos(xl) - mhellcgzgSin(xl) —Fypmxo + u) .
vy

Where @ is the system uncertain coefficient and its amplitude changes from 0.5 to 1 with
a rate of 1Hz. Figure 5.7 shows its variation curve. @ is chosen randomly changed within
its boundary, that is, the uncertain system will deviate by up to 50 % from the perfectly
matched system. To avoid chattering, { should be larger than before. Let £ = 0.1, then the

switching function is shown:

sgn(og) lol= 0.1
sat(o) = (5.44)
100 lol < 0.1

Figure 5.8 shows the tracking results of the ideal simplified helicopter model with internal

i ! | | i
0 5 10 15 20 25 30
Time (seconds)

Figure 5.7: System uncertain coefficient

uncertainty controlled by the U-SMC method. Figure 5.9 shows the controller output.
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Reference
—————— plant output

| | | |
0 5 10 15 20 25 30 35 40 45 50
Time (seconds)

Figure 5.8: U-SMC system output and reference in Experiment 2
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3l { ! ! ! ! I

U-SMC controtier output] |

0 5 10 15 20 25 30 35 40 45 50

Time (seconds)

Figure 5.9: U-SMC controller output in Experiment 2

Figure 5.10 shows the compensated inverter output. It is clear that when system internal
uncertainty affects the system, the system output can still track the desired reference well

and the U-SMC compensated inverter is activated to improve the system’s robustness.

. Experiment 3

Consider a more complex and practical control situation to test the proposed control
method: the system contains both modelling errors (internal uncertainties) and control
system input noise (external disturbances). Therefore, to accommodate such inaccuracies
and disturbances, system (5.29) is therefore changed into:

1= P2 (5.45)
%9 = 7 (~Mherl cgrgc0s(x1) — Mperl cgzgsin(x1) — Fyprxe + (u +d)) ’
Iyy

Where d is system noise/disturbance added into the control input channel. ® changes the
same as it in the system (5.43) from 0.5 to 1 with 1Hz variation frequency. d changes from

0 to 0.3 with 10Hz. Figure 5.11 shows the system noise/disturbance variation curve. ® and
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4 T T T T T T T T T

Compensaied |n\«:ncr1 ]

20 2 35 40 45 S0
Time (seconds)

Figure 5.10: U-SMC compensated inverter output in Experiment 2

0.3
0.25H
0.2

0.15 i

1 I | ]
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Time (seconds)

Figure 5.11: System control input noise/disturbance

d are randomly changed within their boundaries. In this system, based on the U-controller
output of a perfectly matched plant which is shown in Figure 5.5, it is clear that the power of
this controller output is small (less than 1), system noise/disturbance will therefore greatly
affect system stability and control performance. Same as the boundary coefficient design for
the system (5.43), to avoid chattering, { = 0.1 is chosen in Experiment 3. Figure 5.12 shows
the tracking results with the desired reference of the ideal simplified helicopter model
with both internal uncertainties and external system disturbance controlled by the U-SMC
method. Figure 5.13 shows the controller output. Figure 5.14 shows the compensated
inverter output. It is clear that when system internal uncertainty and external system
disturbance affect the system, the U-SMC system output can still track the desired reference
well and the U-SMC compensated inverter is activated to improve the system’s robustness.
It should be noticed the reason for the chattering in U-SMC controller output is to counter

the impact of high-frequency noise interference in 5.13.
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Reference T
=== plant output I

0 5 10 15 20 25 30 35 40 45 50
Time (seconds)

Figure 5.12: U-SMC system output and reference in Experiment 3

T T T T T T T T

U-SMC controler outout | |

15 25 30 a5 40 45 50
Time (seconds)

Figure 5.13: U-SMC controller output in Experiment 3

Compensated inverter| |

Time (seconds)

Figure 5.14: U-SMC compensated inverter output in Experiment 3
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5.3 U-model based double sliding control

5.3.1 Problem statement

Dynamic inversion (DI), particularly the DI in terms of nonlinear expressions [85] in control
system design, is one of the kernel issues, which many approaches have taken plant nonlinearity
cancellation into a controllable equivalent linear dynamic by feedback linearisations [44, 104],
and then design the corresponding control system. Although the DI concept provides concise
control system design frameworks, the idealized assumption of the model perfectly matched
has been challenging for applications and academic research. Consequently, this has motivated
various methods to improve the robustness of DI. Adaptive approaches [62] are surely options for
the solutions, but these are not the interest in the study. Accordingly, this study will focus on the
robust approaches in dealing with model uncertainties/disturbances and the induced problems in

the formulations of NDI-based control system design.

Incremental NDI (INDI) [94], this technique does not use required input to control the system.
Alternatively, it takes the required change in the input. Therefore, the INDI only uses a small
part of the model in DI, so it is more able to cope with model inaccuracies and more robust
than NDI. Two commonly shared characteristics with NDI and INDI are feedback linearization
and limited with affine nonlinear models. Sliding Mode Control based NDI (SMCNDI) [103],
which proposes an incremental nonlinear dynamic inversion driven by sliding mode disturbance
observers with application to a quadrotor fault tolerant control problem. Eigenvalue Assignment
based NDI (EANDI) [105], it is not necessary to convert the nonlinear state space models into
linear equivalent expressions by feedback linearisation prior to designing the control systems.
The approach also claims able to cope with non-affine and non-minimum phase systems if the
eigenvalues of error dynamics are properly selected to keep the desired dynamics stable. However,
it is still an approach canceling nonlinearities instead of both cancellations of dynamics and

nonlinearities.

U-control succeeded from the NDI control system design methods, has been proposed to cover
the two essential tasks, establishing a universal NDI platform to remove the pre-requirement of
the state feedback linearisation and configuring the control system framework to decompose the
whole NDI for the solution of controller output into two parallel DIs that is DI of control system
performance to form an external linear feedback control loop and DI of the plant to cancel both
the plant dynamics and nonlinearities into a unite constant. The perfectly matched model is the
foundation for U-control, however, this assumption should be removed for practical applications.
Chapter 5.2 used sliding mode to enhance the robustness of the U-control method and increase
its independence to modelling accuracy. In the U-SMC system, the sliding mode is used to design
the compensated inverter to cancel the effect of system uncertainties and disturbances to the
U-control system, therefore improving the U-control system’s robustness. This study tries another

way to combine the U-control and SMC methods by using the sliding mode to design the DI for
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the controlled plant to establish a general robust U-control framework. Without the continuous
and tedious differentiation process to find the relationship between the system input and output,
the sliding mode can provide and calculate the DI directly. Accordingly, the major contributions
of this study:

1. Propose a DSMC scheme to establish a robust dynamic inverter to cancel the plant nonlin-
earities and dynamics, which removes the request for a plant nominal model and eliminates
chattering in classical SMC design. Lyapunov stability is used twice for respectively deter-

mining the switching control and equivalent control in the SM Inverter (SMI).

2. Establish a UDSM control (UDSMC) system design platform and present bench tests with

computational experiments to validate the analytical results and function block connections.

5.3.2 model-mismatched U-control system structure

To accommodate mismatched plant model and external disturbance, Figure 5.15 proposes a model

mismatched U-control system structure, expressed functionally below,
Y. = (F,Ge1,Gp',Gy) © Y= (F,G1,C(Gp,Gu)) © ) = (F,Ge1, 1) (5.46)

where F presents the U-control system structure, G.q is a linear invariant controller to specify
the external loop control performance, C() is gain for a closed-loop containing G;,l and Gy, and
GI_J1 is the nominal dynamic inversion for the controlled plant model Gjs that aims to cancel the
system dynamics and nonlinearities.

To still achieve the similar control target as described in stage 1 (model matched U-control)
in Chapter 2.1.3, different from the conventional U-control system design, the critical technical
challenge is how to obtain an inner closed-loop system C(G;l,GM) = I, with I,, being a nth
order identity matrix. As sliding mode control (SMC) has strong robustness in performance, fast
response, and conciseness in design, this study presents a scheme using SMC for DI, called SM
inverter (SMI) in brief.

> » Gy »> > Go_l — Gp »

State variables x

Figure 5.15: Model mismatched U-control system framework
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5.3.3 U-model based double sliding control

This Chapter presents a scheme using SMC to derive a robust dynamic inverter G;,l to achieve
C(G;l, Gyr) =1,. A widely used SMC approach [111] is referred to formulate the dynamic inverter
with u = w4 +us,, which is a prototype of combing equivalent input u., and switching input u,.
Once the sliding surface is determined, then the sliding mode inverter (SMI) can be obtained
in a revised SMC formulation. Accordingly, this study proposes a double sliding mode control
(DSMC) method, a global SM band with interval § to drive errors into and remain in the stable
interval, a local SM line to attract the error within the stable interval toward zero exponentially
monotonically. Figure 5.16 shows the double sliding surface against the classical one, where the
yellow plus orange curve is classical SMC and the yellow plus green curve is DMSC. The DMSC

design procedure is explained below.

Boundary layer
thickness & s

Reaching stage

‘>x1

N
Sliding band S + & — N

"x(t)

x(t2)

Sliding surface S

Figure 5.16: Sliding stage comparison of system states

1. Design a global sliding surface o, to specify the considered system having desired per-
formance once the system remains in the sliding mode. Realistically a small interval
(boundary) 4 is assigned for the distance to the classical sliding surface o. So that o,
presents a sliding band surface with thickness §. For a nth order dynamic plant, define a

(n — )th order of state tracking error vector as
T
E=X-Xg=|e1=x1—-%x9 e2=%X1—-%3 -+ em-1 :xl(n—l)_xd(n—l) (5.47)

where x1%) and x;% are the ith order derivatives of the plant model state x; and desired

state x4, respectively. Then set up a classical sliding surface function ¢ [111] in form of

og=cie1+cgeg+...+Cm_92em_9+tem-1 (5.48)
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where coefficient vector C=| ¢1 c2 - cp_2 |€R" is chosen in terms of Hurwitz
stable. Then the global sliding surface with the boundary 4 in the sliding mode interval is
designed as

Og=0+61, 0=(61]=<16| (5.49)

2. Design a switching controller u g, to drive the system states to the sliding surface (inter-
val/band) in finite time and keep the system state motion on the surface thereafter. Assign
a Lyapunov function V, = %(ag)2 = %(0 +61)? and the corresponding derivative is given
by Vg =0405=0(0+01). Let 6 = fg +usy, where f,; represents all the neglected bounded

terms in classical SMC design. Then the derivative of the Lyapunov function gives
Vg =06(0+61)=(fg+usw)(o+61) (5.50)
To satisfy Vg < 0 for stability, choose
Usw =—kgsgn(o +61) (5.51)
where kg eR™ > | f g| is a positive gain of the design choice and sgn() is the sign function.

3. Design a local sliding surface 0;. Then design an equivalent controller ., with the condition
of driving the system state motion towards ¢; = 0 and o; = 0 asymptotically. For the local
sliding surface, assign it as the classical Hurwitz stable manifold, that is, o; = 0. Assign a

Lyapunov function V; = %(0)2 and the corresponding derivative is given by V; = ¢o. Let
O=f1+Ueq=Fk20 +Ueq (5.52)

where f; represents all neglected bounded terms in classical SMC design. Let the matching
condition of f; = koo satisfied, where k9o is a bounded unknown tangent factor of o. To
derive the equivalent controller u., satisfying the Lyapunov stability conditions of V=0

and V; =0, expand the derivative of the Lyapunov function as
Vi=060=(fi+Ueq)o = (k20 +ueq)o (5.53)

To satisfy V; <0, choose
Ueq=—k10, ki €RT > |kg| (5.54)

4. Finally, the Double SM controller is formulated as u = uoq + U0

Figure 5.17 shows the control system structure to facilitate the explanation of the design proce-
dure. Assume the plant is BIBO and its inverse exists, the DSMC is globally stable, and force
C(G;l,G M) =1I,. The DSMC design procedure actually is a process of proof. The first Lyapunov
stability used in the second step is to force the state vector X to converge to the sliding band

og=0+061, 0=<161]<16| by switching control. The second Lyapunov stability used in the third
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F Gpeq
Sliding
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Figure 5.17: UDSMC system design framework

step is to force the state vector X in the sliding band to converge asymptotically to the final
sliding surface o; = 0 = 0 by continuous equivalent control. If C(G;l,G M) =1, asymptotically

and the linear invariant controller G .1 is Hurwitz stable, the U-control system is Hurwitz stable

Ccl
1+Ccl :

because of G =

5.3.4 Simulation demonstrations

In this part, a simplified helicopter pitch dynamics model is selected to test the UDSMC method.
The invariable controller G .1, sliding mode inverter will be designed step by step according to
Chapter 5.3.3. Then two experiments are arranged to demonstrate the consistency of the UDSMC
method under 1) the plant model with uncertainty, and 2) the model plant plus system noise

based on the previous uncertain plant.

1. The simplified helicopter pitch dynamic model
The simplified helicopter pitch dynamic model is the same as Chapter 5.2.3:

X1=Xx
! f . (5.55)
%2 = 7 (—Mpeilcgxgcos(x1) — Mperl cg-g5in(x1) — Fyprxe + u)
Iyy

where x1 is the pitch angle 6 and x3 represents the pitch rate w; I,, is the second moment
around the y-axis; mp,; is the mass of the helicopter; /.5, and /.4, are displacements from
the centre point of mass (GC in 5.3) relative to the rotation joint B shown in Figure 5.3; F,s
is the pitch damping; u is the control torque exerted by the main blade of the helicopter

around the y-axis;

2. Invariant controller G.; design
In order to make the system has no overshoot, therefore, system (5.55) should be a critical
damping system that returns the system to equilibrium (desired reference) as fast as

possible without overshooting. With reference to the UDSMC system design procedure
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proposed in Chapter 5.3.3, this study chooses system damping ratio { = 1 and natural

frequency w, =5. Accordingly, the desired closed-loop system gain is assigned with the:

Y(S) 25

) GS) =
(5) s2+10s+25

RS) (5.56)

From Chapter 2.1.3, the invariant controller G.1 with a unit constant plant in a feedback
control system is determined by taking the inverse of the closed loop transfer function

(5.30) as below:
G 25

T1-G  $2+10s

Ge1 (5.57)

3. Sliding mode inverter design
According to the sliding mode inverter design procedure in Chapter 5.3.3, the sliding surface
function can be designed as:

og=cejteg=ce;+teé;] (5.58)

Then the global and local sliding surface with the boundary § in the sliding mode interval

is designed as

og=0+061, 0=1611=16|
(5.59)
o]=0

Assign a Lyapunov function V, = %(ag)z = %(O’ +61)% and V; = %(0)2, their corresponding
derivatives are given by V, = 0z0, = 6(0 +61) and V; = 60. Let 6 = fg + ugy, where f,
represents all the neglected bounded terms in classical SMC design. Then the derivative of

the Lyapunov function gives

Vg=06(0+61)=(fg+usw)(o+61)

. (5.60)
Vi=060=(fi+ueq)o = (k20 +Uceq)o
To satisfy Vg <0 and V; < 0 for stability, choose
Usw = —kgsgn(c+61), ke eRT > |f,
sw gs8 1 g | g| (5.61)

Ueg = k1o, R eR™ > kol
where fz = i (—mhellchgcos (x1) —Mmperlcgz88in(x1) —F,,ng) according to system (5.55).

The experiment modelling parameters are the same as Table 5.1. The UDSMC design co-
efficients are listed in Table 5.2. Here are the two simulation experiments demonstrating the
efficiency of the proposed UDSMC method:

1. Experiment 1

In practical control system operation, a perfectly matched model will cost much or even be
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Coefficient | Value

c 10
kg 3
k; 3
1) 1

Table 5.2: Parameters for UDSMC

unimplementable. Therefore, to accommodate such inaccuracies, system (5.55) is therefore

changed into:

1 (5.62)

x1 = Dxo
ftg = 7 (~Meileg808(x1) — Mherlegz8sin(x1) = Foyxz +u)
Where @ is the system uncertain coefficient and its amplitude changes from 0.5 to 1
with a rate of 1Hz. Figure 5.18 shows its variation curve. ® is chosen randomly changed
within its boundary, that is, the uncertain system will deviate by up to 50 % from the

perfectly matched system. Figure 5.19 shows the tracking results with reference of the ideal

| ! | | L
0 5 10 15 20 25 30
Time (seconds)

Figure 5.18: System uncertain coefficient

simplified helicopter model with internal uncertainty controlled by the UDSMC method.
Figure 5.20 shows the controller output. Figure 5.21 shows the tracking error. It is clear
that when system internal uncertainty affects the system, the UDSMC system output can

still track the desired reference well.

2. Experiment 2
Consider a more complex and practical control situation to test the proposed control
method: the system contains both modelling errors (internal uncertainties) and control

system input noise (external disturbances). Therefore, to accommodate such inaccuracies
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Figure 5.19: UDSMC system output and reference in Experiment 1
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Figure 5.20: UDSMC controller output in Experiment 1
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Figure 5.21: UDSMC system output tracking error in Experiment 1
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and disturbances, system (5.55) is therefore changed into:

o
{ T1= T (5.63)

Ko = i(—mhezlchgcos(xﬂ ~Mperlcgz88in(x1) — Fypxa +(u +d))
where d is system noise/disturbance added into the control input channel. ® changes the

same as it in the system (5.62) from 0.5 to 1 with 1Hz variation frequency. d changes from

0 to 0.3 with 10Hz. Figure 5.22 shows the system noise/disturbance variation curve. ® and

0.3
0.25H 1
02 H

0.15 | | i

1 I | ]
0 5 10 15 20 25 30
Time (seconds)

Figure 5.22: System control input noise/disturbance

d are randomly changed within their boundaries. In this system, based on the UDSMC
output in experiment 1 which is shown in Figure 5.20, it is clear that the average power
of this controller output is small (less than 1), system noise/disturbance will therefore
greatly affect system stability and control performance. Figure 5.23 shows the tracking
results with the desired reference of the ideal simplified helicopter model with both internal
uncertainties and external system disturbance controlled by the UDSMC method. Figure
5.24 shows the controller output. Figure 5.25 shows the UDSMC output tracking error. It is
clear that when system internal uncertainty and external system disturbance affect the
system, the UDSMC system output can still track the desired reference well and serious
chattering problems are not observed from the UDSMC controller output considering
the impact of high-frequency noise disturbance in 5.24. Although the tracking error in
experiment 2 is greater than that in experiment 1, it is acceptable. In summary, these two
experiments demonstrate that the proposed UDSMC method can improve the robustness

of the U-control method under system uncertainties and external disturbances.

54 Summary

This study firstly introduces a new sliding mode enhanced U-control method (U-SMC) for the

nonlinear systems, which shows a strong stable ability to control uncertain and disturbing
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Figure 5.23: UDSMC system output and reference in Experiment 2
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Figure 5.24: UDSMC controller output in Experiment 2
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Figure 5.25: UDSMC system output tracking error in Experiment 2
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plants. The overall scheme is based on the U-control structure wherein its dynamic inverter
is compensated by robust sliding mode control (SMC). This work is able to combine the strong
robustness of the SMC method and the control-oriented nature of the U-control to provide a
comprehensive uncertain system control scheme, therefore, it is expected to prove clearly useful
for practical control applications. Secondly, against classical NDI, based on the idea of U-SMC,
this study attempts to treat all system dynamics as unknown disturbances and uses a sliding
mode control algorithm to directly design the dynamic inversion to cancel the system’s complex
nonlinearities. This UDSMC not only reduces the design complexity of the control system but
also reduces the system information requirements (only the order and error of the controlled
plant need to be known). The effectiveness of these proposed SMC-enhanced U-control methods
has been verified by simulation experiments. Based on the experiment results, the use of the
sliding band in the UDSMC method can effectively compress the chattering problem without
affecting the control performance from Figures (5.9 5.20) and (5.13 5.24).

For future work, firstly, the proposed method should be further tested and analyzed to show
their comparative advantages and disadvantages. The proposed U-SMC and UDSMC methods
are only for SISO systems, therefore, these proposed schemes should be expanded to multiple
input and multiple outputs (MIMO) systems, especially underactuated and overactuated systems.
Secondly, state observers should be considered sooner or later because full system state variables
are not always easily measured in most practical modern control engineering systems. At the

same time, it is also interesting to apply the proposed methods to real-time control systems.
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CHAPTER

U-CONTROL BASED TRAJECTORY TRACKING CONTROL OF
QUADROTOR

6.1 Introduction

The quadrotor has the advantages of Vertical Take-Off and Landing (VTOL) aircraft along with
a smaller size, more payload capability, greater hover stability, and greater manoeuvrability.
Compared with conventional aircraft, quadrotor UAVs have a simpler mechanical structure and
easier take-off conditions. Nowadays, particularly in academia and the industry, along with the
research and development communities, there has been a growth of interest in UAVs [5, 81, 95].
Probably, the feasibility of effectively performing various tasks with a wide range of applications
like courier delivery, spraying of pesticides, aerial photography, surveying and mapping, wildfire
surveillance, search and rescue missions, and several others, could have whetted this popularity
[81]. Besides the endurance, cost, and size of the unmanned aircraft being highly attractive, the
possibility of keeping human pilots out of danger (human capacity or aircraft failure) could be a
matter of high concern [5]. Nevertheless, in the case of practical flight missions, there could be
the risk of the stability of the aircraft being degraded sensitively by obstacles in the air, sudden
changes of command, and turbulent changes in weather conditions. Hence, in the flight process,
it is crucial to have a flight controller design that could provide the aircraft with robust and

accurate control.

As a result of the quadrotor structures with the existing six-state outputs, which include the
angles and the robot positions in such a manner that there would be only four rotors available
for control inputs, the quadrotor UAV is known as an underactuated system. The rotational and
transitional movements of the quadrotor are made possible by the speed variations of the rotors.

Overall, the basic control target of the quadrotors involves the control of the altitude and the
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attitude for the quadrotor to continue holding the same position in the specified location [60].
There could be several issues of challenges in the control of the UAVs, such as disturbances
from the atmosphere and input constraints, nonlinear components, time-varying states and
delays, unmodelled dynamics, the uncertainty of the parameters, underactuation, coupled states,
open-loop instability, and the MIMO structure [57, 106]. Thus, for the control of the quadrotors
several control schemes have been applied. The literature reported the outcomes of the methods
that were non-adaptive like the state feedback [7], Proportional-Integral-Derivative (PID) [93],
and the Linear-Quadratic-Regulator (LQR) [63].

Nonetheless, robust and adaptive methods of control would display a better control perfor-
mance because quadrotor system dynamics are nonlinear in addition to being time-varying.
Sliding Mode Control (SMC) is a conventional method of control for dealing with bounded ex-
ternal disturbances, nonlinearities, the properties of time variations, and other uncertainties
[85]. Zheng and Xiong [109] developed an integrated approach to quadrotor attitude and position
tracking control, in which the dynamics model is divided into underactuated and fully actuated
subsystems. To compensate for faults in quadrotor motor actuators, the SMC observer applies
linear parameter changes [10]. While in the case of quadrotor systems that are underactuated
and uncertain, it is proposed to have a system for tracking and stability control according to the
technique of the SMC [46]. Nevertheless, in the pertinent paper, a fully actuated dynamic model
of the quadrotor was not considered suitable for our application. Initially, the continuous-time
quadrotor dynamic model was converted to a discrete-time model [108]. Later, to control the
tracking and stability of the modified quadrotor model, a discrete SMC was proposed. Mofid
and Mobayen [66] studied the efficiency of adaptive SMC under uncertain model parameters,
Lyapunov’s proof method also exhibits its finite-time stability. The proposed method is evaluated

by simulation.

Nonetheless, many issues still remain to be resolved in quadrotor control. Most of the existing
quadrotor controllers are designed based on a simplified dynamic model that ignores its complex
nonlinearities and disturbances. Among them, the decoupling problem caused by the complex
transformation between the frame systems is important, which directly increases the design
difficulty of the quadrotor position controller [107, 114]. [56] proposed a nonlinear decoupling
controller using surface control and disturbance observer, but the radical term that appears
in the denominator of the decoupling algorithm will undoubtedly limit its application. [107]
improves the decoupling method based on [56] to achieve position tracking, which reduces the
trigonometric computation, but it has the same problem as [56], the radical item will limit its
application. [33] only decouples yaw dynamics from other dynamics. [45] proposed a fuzzy logic
controller to decouple the position and attitude of the quadrotor, but the design of its inner loop

attitude controller ignored nonlinear dynamics.

Additionally, the majority of the early works have evaluated control methods through sim-

ulations [19, 28, 29, 43, 67], only certain works could establish real-time control on quadrotors
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[29, 38, 69]. There are significant differences between real-time experiments and simulations. In
most simulation studies, the control signal is usually considered to be the torque or force produced
by the rotor. Therefore, rotors with dynamic models are ignored. Furthermore, aerodynamic
perturbations, matrix asymmetry of the moment of inertia, mass imbalance, and effects of wind
and eddy currents, besides the air friction and that between the air and the drone were also
neglected. In addition to all the above factors, another crucial aspect is the measurement of
velocity sensor noise.

Considering the above real-time experimental results, the experimental test of QBall2 by
Quanser in [29] has a spherical outer protective shell, its diameter is about twice the length of the
quadrotor. While protecting the fuselage, this kind of protective shell will also increase its mass,
which will increase the moment generated when the quadrotor’s attitude changes and result in
affecting the stability design of the control system as well as its test of the anti-disturbance ability
of the flight controller. The quadrotor in [69] is mounted on a passive mechanical suspension to
reduce the effect of rotor vibration, and at the same time limit the small angular changes of the
aircraft. [38] requires a large amount of actual flight data to train reinforcement learning models,
which is therefore time and computationally expensive. In this study, a MIMO-ESO is designed
to estimate the disturbance and unmeasured velocities. The Lyapunov analysis is used to prove
the convergence boundary of ESO estimated error. For tracking a time-varying trajectory of the
quadrotor stably, the Double Sliding Mode Control (DSMC) based inverter (for robustness and
nonlinear dynamic cancellation) and a U-controller (for the control performance specification)
are included in the control system. The Lyapunov analysis proved the stability of the proposed
control system, and the Hurwitz stability theory was applied to designing the related sliding
manifolds coefficients. The control efficiency is tested and evaluated by real-time experimental
Parrot Minidrone.

Summarily, the major contributions of this chapter are:

1. To the authors’ knowledge, this is the first study to apply the U-control method to a real-time

application (quadrotor control).

2. Proposing a quadrotor decoupling algorithm, using an indirect control strategy (position
control by controlling the angle) turns the original underactuated system into a fully
actuated system. This decoupling algorithm is implemented by the DSMC method, which

avoids the square root calculation [56, 107].

3. Based on Lyapunov analysis, presenting a MIMO-ESO for unmeasured velocities estimation
and a robust framework for flight control of quadrotors based on the ESO UDSMC method.

4. Expand the SISO implementation and application of the UDSMI [122] into MIMO systems
with obvious progression in integrating SISO UDSMC and MIMO UDSMC plus decoupling
algorithm.
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Figure 6.1: Quadrotor aircraft framework

5. Comparative experimental studies with the built-in PID controller (come from the product)
and SMC method (advanced control algorithm) are involved to show the efficiency of the

proposed controller.

The remaining portion of this chapter has been arranged as follows. Chapter 6.2 introduces the
dynamical model of the quadrotor and control problems for follow-up development. In Chapter 6.3,
the MIMO-ESO is derived to estimate the unmeasured quadrotor’s velocities. Chapter 6.4 presents
the UDSMC method first, then comes with its quadrotor flight controller design procedures,
coefficients designed principle, and stability analysis. Also, it proposes a new decoupling algorithm
for the quadrotor flight operation. Chapter 6.5 presents the experimental bench tests, which
show the experimental setup procedure, design parameters of the involved control methods,
and experiment results to compare to demonstrate the efficiency of the proposed control system.
Chapter 6.6 concludes the study.

6.2 Dynamic description and problem statement

6.2.1 Quadrotor Dynamic model

This study considers and tests followed quadrotor motion control: 1) Roll and pitch control: which
changes the output power of the neighbouring motors to tilt; 2) Horizontal movement control, the
roll or pitch of the vehicle will generate a horizontal component of the rotor lift, thereby realizing
the horizontal movement of the quadrotor; 3) Vertical movement control: increase or decrease
the output power of all motors by the same account; 4) Hover Control: make the output power
of all motors the same and the lifting force they generate is equal to the gravity [5]. Figure 6.1
shows the quadrotor framework and its dynamical model which is established by the body-frame

B(Oxyz) and the earth-frame E(Oxyz). In quadrotor position control, the compensation of the
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rotation is necessary and obtained from the rotation matrix R : £ — B:

R =R((,b,9,1//) =R(z,1//)R(y,9)R (x,(,b)
cosy —siny 0 -

R(z,w)=| siny cosy O
0 0 1]

cos 0 sinH-
R(y,0)= 0 1 0

—sinf O cosH‘

(6.1)

1 0 0
R(x,p)=| 0 cos¢p —sing
0 sing cos¢ |

where roll ¢, pitch 6 and yaw ¢ angles are quadrotor orientations in the body frames. Then it
comes from (6.1):
CyCoy CySeSy—SyCyp CySeCy+SySy
R=1] SyCqy SySeSp+CyCyp SySeCyp—CySy (6.2)
-Sp CoS¢ CoCy
where S denotes sin (*) and C denotes cos(*). The translational kinematic equations are attained
by:
ve=R-vp (6.3)

where v, = [uo, vo, wo]? and vp = [up, vp, wb]T are quadrotor’s linear velocities in the earth-
frame E(Oxyz) and body-frame B(Oxyz), respectively. This study considers the following assump-

tions to simplify the dynamics modelling complexity [5]:
1. The structure of the quadrotor is rigid and symmetrical.
2. The propeller that produces lift is rigid.
3. The air drag forces are proportional to the propellers’ speed.

Under these assumptions, the quadrotor flight dynamics can be presented by the flight dynamics
of a rigid body under the aerodynamic forces and moments generated by the rotation of the pro-
peller. Then the translational motions and rotational motions kinetic equations of the quadrotor

can be described as:

{ msP=F;+Fg+Fg 6.4

JO=-0x(JO)+If-Tq-Tg
where m is the total mass of the quadrotor; vector P =[x, y, z]7 presents the quadrotor position;

Fr =R;3 Z?lei =R;3K pw? presents the composition of forces generated by all rotors with
R 3 being the third column of the rotation matrix R in (6.2) and K, being a coefficient related
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to the square of the angular rotor speed w?, which can be determined by static thrust tests
[3]. Fg =diag(—K1,—Ks,—K3)P presents the composition of the drag forces along (X,Y,Z) axis
with K; (i = 1,2,3) being positive translation air drag coefficients. F'; =[0,0,—-m Sg]T presents the
gravity force acting on the centre of mass with g being gravitational acceleration. Euler angles
vector © = [(p,H,z//]T donates quadrotor orientation. J = diag (Ix, Iy,IZ) € R%*3 is a positive
definite symmetric inertia matrix of the quadrotor with I; (i = x,y,z) being the inertial moment
in the body-frame B(Oxyz). ', =diag (Kax,Kay,Kaz) O presents the composition of aerodynamic
resistance torque with K., Ky, and K, being the coefficients of aerodynamic resistance. I'¢ is
the moment generated by the rotation of the propeller for the quadrotor’s fixed frame and I' is

the composition of torques due to the gyroscopic effects [3], these forces are described by:

1(F3-F1) 1K) (03 - 0?)
Ff= l(FQ—F4) = lK (w4 wz) (6.5)
02— 02+ wl-w? 02— 02+ 0l -0l
4 0 .
Tg=) J; 0 0 (6.6)
N WG VoY

where [ is the length between the centre of mass of the quadrotor and the axis of rotation of the
propeller, J, is the rotor inertia along the z-axis. The angular velocities [p, ¢, 7]7 in the body

frame can be obtained by transforming the angular velocity [¢, 6, v7/] T in the inertial frame as:

p 1 0 —sin@ ¢
qg |=| 0 cos¢p cosOsing 0 (6.7)
r 0 —sin¢ cos¢pcosb i

Therefore, the mathematical dynamics of a quadrotor can be established by:
X= m%(cos ysinfcos ¢+ singsiny Jui — m%le
y= mis(sinu/sinecos ¢ —cos ysing)ug — mlusy (6.8)
Z= mi(cos Ocos Pp)u1—g - ming’

[l_x[( -1 )qr—Kaxp_Jqur+u2]
F [(I x)pr_Kayq+erQr+u3] (6.9)
1 [(I —1,)pq—Kq.r +u4)

where Q, = w1 — w2 + w3 — w4 presents the total rotor angular velocity, u; represents the total

¢
0
W

thrust acting on the body in the z-axis, ug represents the roll torque and ug3 represent the pitch

torques; u4 represents the yaw torque. Rewrite them by the angular velocities as follows:

u1 K, K, K, K, w?
-lIK, 0 IK 0 2
“2 ? ? 2 (6.10)
us 0 K, 0 -IK, w?
Uy 1 -1 1 -1 w3

114



6.2. DYNAMIC DESCRIPTION AND PROBLEM STATEMENT

Let us introduce the following notations for simplicity:

Xl =P,X2 =P,X4 = @,X5 = G),F = (Ff +Fg)/ms
fo(X2)=Fg/ms=(diag(—K1,—-Kg,-K3)X2)/ms (6.11)
f5(X5) =J (-0 x (JO) =T, —T)

Then the original translational and rotational models of the quadrotor (6.8) and (6.9) can be

converted into

Xo = fo(X2)+F +do 6.12)
X4=X5 '

X5 = f5(X5)+J‘11"f +ds5

where dg and ds5 present lumped disturbances absorbing the uncertainties and external dis-
turbances in the translational and rotational subsystems, respectively, where the uncertainties
consist of inaccurate parameters, unmodelled unknown nonlinearities, etc and the disturbances
include unpredictable environmental variables, sensor measurement noise, etc. The introduction
of lumped disturbances can describe the quadrotor model more accurately, which will facilitate
the design of MIMO-ESO and controllers.

6.2.2 Problem statement

According to the dynamical model from (6.8) and (6.9), the quadrotor control system can be sepa-
rated into a fully actuated subsystem composed of ¢, 6 and v and an underactuated subsystem
composed of x,y and z. However, in the attitude control of the quadrotor, the changes of the pitch
angle 0 and roll angle ¢ will cause the drone to tilt so that the lift force of the rotor generates
a horizontal component, and then the horizontal movement can be realized. In this case, this
study will directly use u1 to control the quadrotor altitude z, and incidentally realize the x, y
position tracking of the quadrotor by controlling the pitch 6 and roll ¢ angle. Therefore, the new
subsystems implemented by the decoupling algorithm will be separated into a fully actuated
subsystem composed of z and ¥ and an underactuated subsystem composed of x, y, ¢, and 6.
Denote by [x4,v4,24]17 and [c[)d,Hd,wd]T, the desired positions and attitude angles respec-
tively. The central control problem considered in this study is to design a robust tracking control
system including a decoupling algorithm, position, and attitude control algorithms to ensure that
the quadrotor can follow the desired position and attitude trajectories asymptotically and stably
despite the modelling errors and unknown external system disturbances. In other words, the
control strategy proposed in this study should ensure the position tracking errors (e, = x4 — «x,
ey =Y4— Y, e; =24 —2) and the attitude tracking errors (¢x = pg—¢, 0, =04-0, v, =g —y)

converge to zero.
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6.3 ESO design and analysis

This Chapter introduces the specific MIMO-ESO design process for translational and rotational
subsystems. This MIMO-ESO provides not only the quadrotor’s velocities but also disturbance
estimation. According to the ESO design [39], it is necessary to assume dg and d5 are continuously
differentiable and their derivatives A3 and hg are bounded. Introduce X3 = d9 and Xg = d5 for
additional state variables, then convert the original translational and rotational models of the

quadrotor (6.12) into:

X=X, X4=X5
Xg = fa(X2) + F + X3 X5=f5(Xs5)+J 'Tf+Xe (6.13)
X3=h3 X6:h6

T T
With the definition ofXTz[ X1 X2 Xs ] andXRz[ Xy X5 Xg ] , system (6.13) can be

covert into:

Xr=AXr+F1(Xr)+LoF +Ap (6.14)
Xp = AXp +Fo(Xg)+La(J1T) + Ag .
0 Is O
where A=| 0 0 I3 |, F1(Xp) =10, f2(X2),017, F2(Xg) = [0, f5(X5),01", Ar = [0, 0, 2317,
0 0 O

Ar =10, 0, h(;]T and Ly =[0,I5,0]7. I; presents an i x i,i € Rt identity matrix, and 0 is a zero
vector with proper dimensions. Therefore, the MIMO-ESO design based on dynamic modelling

information in (6.11) is:

{ ;*(T=AXT+F1(XT)+L2F+ﬁ1(X1—X1) ) (6.15)

XR :AXR +F2(XR)+L2(J‘1I“f)+ﬁ2(X4—X4)

A N N N T N N . R T
where X7 = [ X1 X9 X3 ] and Xg = [ X4 X5 Xs ] are the estimated state variable
N N T N R T
matrix, F1(X7) = [ 0 fo(X2) O ] , Fo(Xg) = [ 0 f5(X5) O ] . B1 and Bg are the observer
T
gain matrices with f; = [ 3w1-I3 3w%-I3 w§~I3 ] and B9 = [ 3we-I3 3w§-I3 wg-Ig ] .

The parameters wi,we € R* are the only tuning parameters presenting the obs%rver band-
widths. Then introduce the estimation errors as X7 = X7 — X7 = [ X1 X9 X3 ] and Xg =

N T
Xr—-Xp= [ Xy X5 Xg ] , respectively. Their scaled estimation errors are defined as @7 =

T 917 T 917
[ Q1 Q2 Q3 ] =[ X1 Xowr X3 /wl] andQR:[ Qs Q5 Qs ] =[ Xy Xslwy Xg /wj
Thus, the scaled estimation errors are:

(6.16)

A

{ Qr=w1-A1Qr +La(f2(X2) - f2(X2)) - wi' + Lghs- wi? )
Qr =w1-A1QR +La(f5(X5) - f5(X5)) - wy' + Lshe - wy?
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6.3. ESO DESIGN AND ANALYSIS

3.0 I3 0 .
withA1=| -3.I; 0 I3 andL3:[0 0 13] :
I 0 0

Assumption 1. The derivatives of the lumped disturbances satisfy ||hsll < &1 and ||hgl < €2
with €1,e3 > 0. Functions f2 and f5 belong to C? (with 2 continuous derivatives) and are globally
Lipschitz with respect to X3 and X5 with c¢1,c2 € RT, that is,

{ [£2(X2) - fo (X2)| < c1]| X2 — X2l = cr011Q2]l < c101 Q7 6.17)
|5 (X5)— 5 (X5)| < ca| X5 - X5l = cow2 Q5| < cows QR '

Remark 1. Since A1 is the Hurwitz matrix in (6.16), there exists a positive definite matrix P sat-

isfying A{P +PA1 =-1I9. Select observer bandwidth w; > 2¢1|PLg| for translational subsystem
I3 -0.5I3 -—I3

and substituting A; into the above equation, it comes P = | —0.5I3 0 —0.5I3 |.Then

-Is -0.5I3 4I3
choose the following Lyapunov candidate function:

V(@Qr)=QrPQr (6.18)
Substituting (6.16) and (6.17) into the time derivative of V(Qr), it has

V(Qr)=Q7PQr+QLPQr
Lz(fz(Xz)—fz(Xz)))T

=01QTATPQr +
w1

PQT+

Ly(foX2) - fo(X5)) | Lshs
o1 w% (6.19)

LQ(&(XQ)—@(&)))T

w1

+01QFPA1QT + Q%P

Zleg(A’{P +PA1)QT+ PQT

T
Lsh
+ 3)23) PQr+wQhPAQr +QLP
1

Lo(f2(X2) - f2(X2)) .
w1 w2

According to Remark 1, P is a symmetric positive definite matrix, it comes from (6.19) that

La(f2(X2) - f2(X2)) ! T La(f2(X2) - f2(X2))
( o PQr=QpP o1 620,
r )
Lghg r,L3hs
P = P——
w% QT QT w%
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Substituting (6.20) into (6.19), we have

: Lo(f2(X2) - f2(Xo Lsh
V(@Qr) =01Q5( - I9)QT +2Q7.P ( o ( ))+2Q%P 5)23
1
L Lg-
S_wIHQT”z_'_ngP 2(01w1||QT||)+2Q£P 3251
w1 w7
2¢101 1Q7 - IPLall-1Qrl 21 11Q7ll- IPLs]l
< —wrllQpl? + 21 Qr 2ll-1Qrll 261 QT2 3 6.21)
w1 w7
—2¢1 |PLs|
=—(w1-2c1IPLa)IQTII? - (%) IQr
w3
92¢1 |PLs||
=—1Qrl ((wl —2¢1 IPLa ) Q7 - %)
1

Therefore, the designed MIMO-ESO is stable, and the estimation error will be bounded with
QT < % after a finite time, that is, the estimated velocity variable X 9 can track the
real velocity precisely. According to Remark 1, w; > 2¢1|PL2| means a sufficiently large w1 can
reduce the upper bound of the estimation error.

Remark 2. The stability proof for rotational subsystems is the same as for translational sub-
systems from (6.18) to (6.19). The observer bandwidth in the rotational subsystem is selected as
wg > 2c2|PLyl, therefore V(Qr) < —IQr|((w2 — 2c2|PL3)) - |QR| — 2¢2|PL3| -wf), the upper bound
for estimation error in rotational subsystem is |@Qr| < % and inversely proportional to
the value of the bandwidth.

Remark 3. The larger observer bandwidth w; and wg can reduce the estimation error but
may lead to high-frequency oscillation due to the high-gain integration, which will reduce the
robustness of the MIMO-ESO and the whole control system. Therefore, designers should consider

an appropriate compromise/ trade-off between the estimation quality and the system robustness.

6.4 Controller design and analysis

To accomplish this position and attitude control system, a decoupling algorithm and robust
UDSMC method are presented in this section. Figure 6.2 shows the quadrotor control framework,
where IMU is the internal measurement unit, providing basic motion and rotation information of

the quadrotor aircraft, and UDSMC is U-model based double sliding controller module.

6.4.1 Decoupling algorithm

Assume system (6.8) is fully actuated and convert it into

=y — misle
J=uy— Koy (6.22)

. 1 .
z=uz—g—m—sK3z
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Figure 6.2: The quadrotor control framework

where u,, uy and u, are assumed position controllers shown as:

Uy =t (cos ysinOcos o+ singsiny )
uy = p(sinysinfcos ¢ - cos ysing) (6.23)

U, = yt(cos Ocos )

By squaring both sides of the above equations (6.23), it comes:

Ui 2., .2, 2 Uz
— =\Jul+ul+u? = 6.24)
mg YUY TE T cosBcos ¢ (

Therefore, the desired roll and pitch angles (¢4, 64) can be calculated by:

U,SINY — U,COS
gbd:arcsin(ms xSINY " Uy U/) (6.25)
ui
U,COSW +Uu,Sin
Bd:arctan( xCOSY T Uy 1/’) (6.26)
Uz

Remark 4. It should be noticed that the roll, pitch, and yaw angles (¢,0, %) are bounded and meet

the satisfaction of ¢,0 € (—n/2,7/2) and v € (—m, ), which are necessarily considered avoiding the
singularity problems in the aerodynamic and controller design [3].

Assuming the body of the quadrotor is rigid, the position controllers for x and y are designed
by using the UDSMC method. According to the UDSMC design procedures in Chapter 5.3.2, the
sliding manifolds and their derivatives are defined as

Sp=Cpep+ép, Sp1=Sp+6p, Spa=Sp

. . (6.27)
Sp1=/fp+Upsw, Spz =Kp +Upeq

where Sp = [Sx,Sy,SZ]T, Sp1 = [le,Syl,Szl]T, Cp is designed positive definite diagonal matric,

ep = [ex,eyaez]T = [x_xday_ydaz_zd]Ty op = [636,53/:52]71’ fp = [fx,fy,fz]T with f, = Cxéx_
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misKlfc, fy= cyéy - misngz and f, =c,é,—g— miSK3z*. Kp is bounded unknown tangent matrices

of Sp. The corresponding position controllers are designed as:
Up = -Kp1sgn(Sp1) — Kp2Spe (6.28)

where Kp1 and Kpg are designed positive definite diagonal matrices, Up = Upgs,+Upeq, sgn(Sp1) =
T

[sgn(le), Sgn(Syl)y Sgn(Szl)]

corresponding derivative is:

. Assuming a Lyapunov function Vp = %SICCIS p1+ %S%'ZS pg, its

) 1. 1. 1 . 1 .
Vp =§S$15P1 + §S£2Sp2 + Esglspl + §S£2Sp2
= Sglspl + SZ;Zsz
=S8}1(fp —Kp1sgn(Sp1)) +Spy(Kp — KpaSps)
<—Sp1ll(Kp1—fP)— ISp2ll(Kp2 —Kp)

(6.29)

To satisfy Vp < 0 for horizontal position control stability, it comes Kp1 — fp >0 and Kpy —Kp >0,

therefore

Kp1>|fell, Kp2>|Kpl (6.30)

Remark 5. This study divides the control system into two main subsystems: a fully actuated
subsystem composed of zand ¥ and an underactuated subsystem composed of x,0 and y,o.
According to Figure 6.1, for a given reference positions x4 and y,4, this study first converts system
(6.14) into a fully actuated control system, and its position controllers are designed respectively by
using the UDSMC method. Then the desired angles reference for positions control are calculated
through the decoupling system accordingly. Next, the design steps of the subsequent fully actuated

and underactuated controller will be introduced in detail.

6.4.2 Uncoupled/fully actuated subsystem controller

The fully actuated subsystem controller is designed by the UDSMC method to ensure the altitude
variables z and yaw angle ¥ can converge to their desired values z4; and v,;. Additionally,
assuming that the structure of the quadrotor is rigid and symmetrical, therefore, the sliding

manifolds are designed as

Sp=Crer+ér, Sp1=Sr+06r, Sr2=Sr ©.51)
Sr1=fr+fruUrsw, Sr2=Kr+ [ruUreq '
where Sr = [S1,54]7 are sliding manifolds for fully actuated subsystem, Sg; = [S,1,S g4]T

b

Cr=diag (cz,cu,) is designed positive definite diagonal matric, eg = [ez,ew]T = [z —-24,Y —wd]T,
I.-1,

T T . A A . A ..
6F=1[062,6y] . fr=fg1,fga] Wwith fg1= Czez—g—m%Ksz—Zd and fgq4 = cyly+pPq=p _};_:r_Wd-
fru =diag(fu1,fus) with f,1 =1 and fyu4 = IC—Z; Kpr is bounded unknown tangent matrices of
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Sr. Upsw = [U1sw, Uasw]T is the switching controller and Up.q = [uleq,u4eq]T is the equivalent

controller. The corresponding controllers for this fully actuated subsystem are designed as:
Ur = -Kr1sgn(Sr1) — KraSre (6.32)

where Kr1 and Ko are designed positive definite diagonal matrices, Ur = [u1, u4]T =UfFsw+UFeq,
sgn(Sg1) = [sgn(Sgl),sgn(Sg4)]T. Assuming a Lyapunov function Vz = %S%Sm + %SgQSm, its
corresponding derivative is:
. 1. 1. 1 . 1 .
Vi =§S£ISF1 + §s£2sp2 + §S§ISF1 + §S£QSF2

= S%:lsFl + S£2SF2

=SL (fr - fruEr15gn(Sp1)) + S by(Kr — fru(KraSF2))

< —ISF1ll (fruKp1 - fr) = ISF2ll (fruKFpe — KF)

(6.33)

To satisfy V < 0 for altitude control and yaw angle control stability, it comes fryKp1— fr >0
and fryKro — K > 0, therefore

Kr1> frl fop,  Kpa> IKpl frg (6.34)

Remark 6. The relationship between u, and uq is u, = ulcosmﬂ. Therefore, the design of u1

can be converted into the design of u, according to (6.24).

6.4.3 Coupled/underactuated subsystem controller

Underactuated subsystem controller is also designed by the UDSMC method to maintain the
horizontal position variables [x,y] and pitch and roll angles variables [ ¢,0 | can converge to
their desired values [x4, y4] and [(,bd,Bd] with only two control inputs ug and ug. Accordingly, the

sliding manifolds are designed as

Sun =Cunieun1 +Cun2éuni + Cunseune + Cunséune
Sun1=Sun +6un, Sunz2=Sun (6.35)

Sun1 = fun + funuUunsw, Sunz=Kun + funuUuneq
where Syn = [S2,S3]7 are sliding manifolds for fully actuated subsystem, Syn1 = [Sg2,S g3]T;
Cun1 = diag(c1,c5), Cune = diag(ce,ce), Cuns = diag(cs,c7), Cuns = diag(cy,cs) are de-
signed positive definite diagonal matrices, eyn1 = [ex,ey]T =[x—xq,y-vqll, eune = [eg,e(p]T =
T T . . A anly—1, A A
[0-04,0—¢al, 6un =102,051", fun = [fe2.fes]” with fgo = C1ey+02ey+03(q7” T+ }]_qur - 14lp)—

© A N A PN P PR [N ksl A\ 4 A, 7 .
¢pg+caep and fg3 = c5éxt+ceeytcy (prT ~ 1, - fQ)—Qd +cgép; funu = diag (fug, fus) with

. . T
fuo = CI—?’Z and fy3 = ‘}—71; Kyn is bounded unknown tangent matrices of Syn. UunNeq = [#2eq» U3eq ]
y

x

is the switching controller and Uyneq = [u2eq, u3eq]T is the equivalent controller. The correspond-

ing controllers for this fully actuated subsystem are designed as
Uun = -Kuyn1sgn(Sun1) — Kun2Sune (6.36)
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where Kyny1 and Kyne are designed positive definite diagonal matrices, Uyy = [ug,u3]T =
UunNsw + UuNeq, sgn(Sun1) = [sgn(Sgg),sgn(Sgg)]T. Assuming a Lyapunov function Vyy =
Vo, V31T = %SgleUNl + %SENZSUNQ, its corresponding derivative is:
1. 1.p 1r 1r
Vun :§SUN1SUN1 + ESUNQSUNz + §SUN1SUN1 + ESUNQSUNz
T & T &
<Syn1Sun1+SynaSune (6.37)
=S{ni(fun — funuEuni1sgn(Sun1)) + Sty Kun — funuEunzSunz))
< - lISunil(funuKun1 - fun) = ISunzl(funuKunz —Kun)

To satisfy Vi < 0 for x position and roll angle control stability and V3 < 0 for y position and pitch
angle control stability, it comes fynyKyni — fun > 0 and funuKyne — Kun > 0, therefore

Kuni > funl foyy,  Kuwne > 1Kun | fony (6.38)

6.4.4 The sliding manifolds coefficients
Let the sliding manifold S2 and its derivative equal to zero:
Sun = Cunieunt + Cunz2éunt + Cunseunz + Cunséunz =0 (6.39)
Sun = Cuniéuni + Cunzéuni + Cunséune + Cunséune =0 (6.40)
From (6.40), it has
éuna = —Cpna(Cuniéunt + Cunzéuni + Cunséunz) (6.41)
From (6.39), it has
éun1 = —Cihs(Cunieunt + Cunseuns + Cunaéunz) (6.42)
Substituting (6.42) into (6.41), it comes,

éunz =—Cyya(Cuni(-Cya(Cunieunt + Cunseuns + Cunaéunz)))
— Ciiva (Cun2éunt + Cunséune)

-1 -1 A
=Cn4sCuni1Chne(Cunieunt + Cunseuns + Cunséuna)

1 1 ) (6.43)
—CynaCunzéunt — CynaCunséune
-1 -1 -1 -1
=Cyn4Cuni1CynoCunieunt + CynaCuni1CrinaCunseune
-1 -1 -1 A -1 X
+(CynaCuni1CyneCuna— CynsCuns)éuns — CynsCunzéuni
Let Y1 = epn2, Yo =Y = éyne and Y3 = epyn1. The cascaded form is obtained as:
; -1 -1 -1 -1
Y =CynsCuniCynaCunieunt + CynsCuniCynoCunseune (€.44)

-1 -1 -1 A -1 x
+(CynaCuni1CyneCuna— CynaCuns)éuns — CynsCunzéuni

; -1 -1 -1 5
Y3 =-CynoCunieunt —CyyoCunseunz — CyynaCunaéune
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When the system state variables approach their equilibrium points, that is, egyn2 — 0, éyne — 0,
eyn1 — 0, thus, Y1 — 0, Yo — 0, Y3 — 0. After the linearization operation around the equilibrium

points, it comes
éun1=Heyna+ N (6.45)
' T
where H = dLag([ uicos wcos p/mgs —uicos yimg ]), eUN2 = [ 0-05 ¢—pg ] ,N =

. ) T
ursingsiny/mgs - Kiix/mgs—iq uisinysinfcos ¢p/ms—Kay/mg — jq ] . Then substitute (6.45)
into (6.44) and use Y1, Yo, Y3 to replace the related items, the new cascaded form is obtained

after organization as:
Y=Y
Yy =(CynaCuniCinaCuns — CynaCunzH) Yy
+(CunaCuniChnaCuna — CynsCuns) Ve (6.46)
+CynaCun1CyeCun1Ys — CiysCunaeN
Y3 =—ChaCunaY1— CiineCunaYe — CiineCuniYs

Let Y =[Y1,Ys,Y3]7, its derivative matrix form is Y = A3Y, where

Aun A Az
Ag=| A1 Ags Ags (6.47)
A3z1 Az Ass

The matrix Ag is Hurwitz and the system states will be asymptotically approaching their
equilibrium points. Assuming CI_J%\M #0 and CI_J}V2 # 0, the parameters in (6.46) are obtained
from (6.47):
A11=A13=0, A12=1Is
As1 = CnaCun1CnaCuns — CynaCunaH
Ags = CnaCuni1CneCuna — CinaCuns (6.48)
Ass = CisCun1CrneCunt
Azy = —CphoCuns, Asa = —CiineCuna, Ass =—ChCuni
Let |A-Ig—A| =0, that is,
A-Ig -1 0

Ao A-Ig—Aogo Aogs =0 (6.49)
A3 Aszo A-Ig—Agzs

Determinant (6.49) can be calculated as:
(A-I3)% —(Agg + A33)(A-I9)? +(As3Ane — Agy — AgpAs3)(A-I2) +(A33A21 —A31A23)=0 (6.50)
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Let the characteristic equation be (1- I + 21 9)3 = 0, after the comparison of this equation with
(6.50), it has:
—(Aga+Ag3) =61
AgzAoo — Aoy —AgoAoz =121 (6.51)
Ag3Ag1 —Ag1Ag3 =8I

8m

ujcos ¢pcos Y’ c2 =

After organization, Let ¢4 = cg = 1, then the other coefficients are: ¢; =

12mg
uicos ¢pcos Y’

__8m, ___12m,
cos yuy’ ~ cos yu;

c3 =6, c5= ,c7=6.

6.5 Experimental Studies

The proposed ESO UDSMC based quadrotor control system has been tested by the Parrot Mambo
Minidrone position tracking experiment. In order to evaluate the real-time position and attitude
tracking of the performance of the quadrotor under the UDSMC method, its experiment results
will be compared with the PID controller and sliding mode controller. The PID controller is the
original built-in controller of the Parrot Minidrone and has been adjusted by the manufacturer

for optimum performance.

6.5.1 Experiment Setup

The Parrot Mambo Minidrone, which is shown in Figure 6.3, is equipped with a 6-DOF inertial
measurement unit (3-axis accelerometer and 3-axis gyroscope), an ultrasound sensor and pressure
sensors that can detect the quadrotor’s altitude, a pressure sensor, a 60FPS camera with a
resolution of 120x160 pixels. The support package provided by MATLAB/Simulink can connect
with Parrot Mambo Minidrone via Bluetooth 4.0, and access the mini drone’s internal sensor
data, and deploy the control algorithm in real-time, the output of which will be sent back to
MATLAB/Simulink and displayed on it. The sampling time of the mini drone control system is
T =0.005s, the position [x, v, z]' and the attitude [(,b,@,u/]’ of the mini drone are estimated by
the built-in sensor fusion algorithm based on Kalman filter; the linear velocity [, v, w] and
angular velocity [p, q, ]’ are calculated/estimated by ESO. The simulation package is performed
on MATLAB/Simulink 2021a.

6.5.2 Experiment Parameters

The initial position for quadrotor experiments is [0, 0, 0] m. Table 6.1 lists the variable values of
Parrot Minidrone and Table 6.2 shows the UDSMC design parameters. The invariant controller in
the outer loop is designed as G, = m. The parameters of the PID controller are design as

Kp =diag[0.1, -0.1, 0.8, 0.003, 0.0024, 0.004], K; =diag[0.1, —0.1, 0.24, 0.006, 0.048, 0.002] and

Kp =diag[-0.2, 0.2, 0.5, 0.00012, 0.000096, 0.00012] for [x, y, z,¢,0,w]'. The sliding mode con-
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Figure 6.3: Parrot Minidrone experimental platform

Variables Values Units
mg 0.063 kg
l 0.108m m
g 9.81 m/s?
J, 0.1021x107% | m?
I, 5.85x 1072 m?
I, 7.17x 1075 m?
I, 1x1074 m?

Table 6.1: Parrot Minidrone parameters

troller design is followed by [118]. The sliding manifolds are designed as

s1=cy(2q —2)+(2q—2)
s2=cy(va—w)+(Wq—1)

_ . i i (6.52)
S3 = cl(xd —X)+ Cg(xd —x)+ Cg(Qd - 9) + C4(9d -0)
s4=c5(Ja —3) +ce(ya — )+ c1(dpa — P) + cs(pa — )
and its controllers are designed as
Uy =ms cz(z‘d—z)+2i;rf(;cz;1:égn(sl)+ms1
up =% (L8(a - )+ L(Ga - 9)+ Pa+ L(Pa - §) + L(easgn(sa) +nss4)) 659
us = Ty(i—;(xd — i)+ E—g(xd — %)+ 04+ E—;‘(Gd -0)+ %(833gn(33)+1}333))
us=1I,(cy(Wa—)+Vq+e2sgn(se) +n2s2)

The coefficients for SMC design are listed in Table 6.3

6.5.3 Experiment Results

In this experiment, the sampling time of the sensor and flight control system in the quadrotor is

5ms, which means that every 5 milliseconds, the Parrot quadrotor reads and processes sensor
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w;(i=1,2) 15
5;(i=P,F,UN) [0.8,0.8]7
Cp diag(0.5,0.6,0)
Kp;(i=1,2) diag(-4,6,0)
Cr diag(3.6,5,0)
KFl diag(4,0.01)
Kpo diag(3,0.008)
Cun1 diag (8ms/ uicos ¢pcos y,—8ms/cos yu1)
Cune diag(12ms/ uicos ¢pcos v,—12mg/cos uful)
Cuns diag(6,6)
Cuna diag(1,1)
Cuns diag(0.0002,0.003)
Cune diag(0.001,0.0015)

Table 6.2: Design coefficients of ESO UDSMC

Variables Values | Variables Values
Cs 5 Cy 10

£1 0.8 €9 0.8

N1 2 up 2

c1 11 cs 11

co 6 ce 6

c3 1 c7 1

cy4 6 cs 5

3 -0.2 E4 0.2

N3 -1.5 in 1.5

Table 6.3: Design coefficients of SMC

data. Compared to the 1ms sampling time in [12] (the latest real-time quadrotor control research),
this experiment is more challenging and requires higher-quality controllers. The position-tracking
control performance of Parrot Minidrone is tested and evaluated by following the desired linear
and spiral path. The quadrotor takes off from the ground, first quickly climbs to a height of 1m,
then follows the trajectory from (0,0,1) to (0,0.5,1) to (1,0.5,1), and finally reaches the (1,1,1)
position according to the specified linear trajectory at 40 seconds. After this, the quadrotor climbs
to a height of 1.5m at a steady speed in 20 seconds, and hovers at a height of 1.5m for 20 seconds.
At the same time, during the climbing and hovering process, the aircraft makes a circular motion
with a radius of 30cm. The trajectory of the quadrotor is calculated by IMU data, and the IMU has
been calibrated by professional technician with 3 cameras (in x,y,z axis) in indoor environment.

The practical trajectory of the Parrot Minidrone is shown in Figure 6.4 and Figure 6.5.
Further analysis of the tracking results are shown in Table 6.4, which shows the practical
position tracking results of the quadrotor in each axis. To compare the tracking results for

these three controllers numerically, the RMS values of the tracking errors are introduced as

eRMS = \/ % (e% + e% +...+ e%)‘ with n being the total sampling size, the results are shown in Table
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Figure 6.4: Actual flight and desired trajectory in 3-D space

erms PID ESO UDSMC SMC

x(m) 0.0827 0.0302 0.0376
y(m) 0.0780 0.0114 0.0218
z(m) 0.0679 0.0674 0.0691

Table 6.4: RMS results for trajectory tracking

6.4. Intuitively, From Table 6.4 and Figure 6.4, both the proposed ESO UDSM controller and the
built-in PID controller can drive the quadrotor tracking the desired trajectory. And a more stable
trajectory, less tracking error, and faster response speed with the proposed controller than the
PID controller in each channel can be observed. This shows that the proposed control algorithm is
superior to the control algorithm that comes with the Parrot Minidrone product. Meanwhile, from
Table 6.4, the proposed UDSMC is only slightly better than SMC, but UDSMC does not exhibit a
large overshoot in the XY axis (from Figures 6.6(a) 6.6(b) 6.6(c) 6.6(d)) and less chattering in the
7 axis (from Figures 6.6(e)). This shows that the proposed algorithm still has certain advantages
compared with advanced control algorithms.

Figure 6.7 presents the control inputs for involved three controllers and the RMS (ugpys =

\/ % (Wi +ul+...+u2) ) results are shown in Table 6.5. The huge difference in control input
chattering can be clearly observed in Figure 6.7. From Table 6.5, frequent switching function
triggers make large control input energy of SMC. Compared with PID, the proposed UDMSC has a
larger control input energy, but is within the acceptable range. Therefore, considering the superior

control performance of the proposed controller, although it has obvious fluctuations and higher
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Figure 6.5: Actual flight and desired trajectory in horizontal plane

Channel PID UDSMC SMC

Pitch control torque (Nm)  1.5748x107% 2.4246x107® 3.5199x107*
Roll control torque (Nm) 1.7226x107% 3.0336x107® 3.5850x107*
Yaw control torque (Nm)  2.3294x107° 1.3768x10™° 0.0011
Altitude control thrust (N) 0.6189 0.6223 0.6749

Table 6.5: RMS results for control inputs

control input energy, the implementation of ESO UDMSC on the quadrotor can be successful.
It should be noted that the performance of the built-in PID controller could be improved after
careful tuning. However, this is very empirical and the original parameters for the PID controller
are not changed in this experiment. From Figure 6.7, the chattering problems appear in both
UDSMC and SMC in this experiment because of the frequent switching operations due to the long
sampling time. The saturation function can reduce chattering but may result in a decrease in the
robustness and tracking performance. Although these advanced control algorithms can achieve
better control performance, however, in real-time applications, considering the computational
cost, hardware sampling time, and unpredictable changes in external environmental factors, PID

is still a mature controller that cannot be completely replaced.

6.6 Summary

This study proposes a robust control strategy for quadrotor trajectory tracking based on the
ESO UDSMC method. Compared with the built-in PID and SMC-based flight control system
of the Parrot Minidrone, the proposed control strategy not only achieves the fast response of
the quadrotor control system but also guarantees flight stability and efficient desired flight

trajectories tracking performance without offline identification of the quadrotor dynamic system.
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Figure 6.6: Actual trajectory tracking results: (a) x position tracking; (b) x position tracking error;

(c) y position tracking; (d) y position tracking error; (e) z position tracking; (f) z position tracking
error
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torque; (¢) Actual yaw control torque; (d) Actual altitude control input

At the same time, the 5ms system sampling time also makes the designed control system have a
large room for improvement with advanced computational algorithms for most quadrotors.
However, because of the small size, lightweight, and low motor torque of the Parrot Minidrone
quadrotor used in the experiment, which cannot conduct flight tests in long-distance flights or com-
plex environments. Also, this experiment does not involve variable load and unpredictable wind
disturbance (indoor experiment). One of the future works will evaluate the proposed controller for
stable flight under unknown wind disturbances. It is believed that with the improvement of UAV

hardware support, the proposed quadrotor control system can reach better control performance.
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CONCLUSIONS

7.1 Conclusions

he overall goal of this PhD research is to develop the classical U-model control algorithm

to increase its robustness and dependence on accurate modelling by combining it with

other robust control method structures or techniques. In this study, a generic continuous-
time U-model based dynamic inversion algorithm is proposed. Based on this technique, a generic
continuous-time U-control is introduced as the basic control method and framework. The U-
control system includes two loops: the inner loop realizes U-model based inverter, aiming to
cancel the dynamics and nonlinearities of the controlled plant; the outer loop can therefore design
an invariant controller according to user-defined control performance to meet their requirements.
These two loops demonstrate the versatility and compatibility of the U-control system and the
feasibility of further expanding it into advanced control algorithms. The proposed U model design

framework has therefore become the basis for subsequent research.

By introducing IMC into the U-control framework, compared with the traditional TDF-IMC,
UTDF-IMC can improve the robustness of the U-control algorithm while completely separating
the robustness and control performance of the control system for independent design. Such a
control system design framework is more convenient for achieving stable control and meeting
the performance needs of customers. UTDF-IMC is simple in design and only needs U-model
based inverter and two low-pass filters. The simulation results based on PMSM verify the
effectiveness of the proposed algorithm. It is worth noting that UTDF-IMC adopts the method of
error suppression to improve the robustness of the U-control, which means that the error cannot

be eliminated but reduced to a small level.

Different from using error suppression in UTDF-IMC, the system’s robustness is improved
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by error compensation in DOBUC. The frequency-domain DOBC has been studied for many
years, but because of the limitation of the classical inversion algorithm, it has not been effectively
applied in nonlinear control. This study combines U-dynamic inversion and frequency-domain
DOBC, which not only expands the application range of traditional DOBC but also improves the
robustness of the U-control method by compensating errors in the input channel. Furthermore,
the proposed DOUBC is extended to an input-output-based control algorithm, which reduces
the need for system state variables information in control system design while maintaining its
robustness and convenient control performance design characteristics. However, the proposed
DOBUC algorithm is only oriented to SISO systems, which is its critical limitation.

The use of sliding mode to enhance U-control robustness is divided into two stages. The
U-SMC proposed in the first stage is based on an error compensation strategy, which is designed
by introducing a dynamic inverter compensator using the sliding mode technology design on
the traditional U-control framework. The proposed UDSMC in the second stage directly use
the sliding mode to design the dynamic inverter. Compared with the U-SMC, UDSMC not only
significantly reduces the chattering problem of the controller by introducing a sliding band, but
also reduces the requirements of the control system state variables information in design (only
the order of the controlled plant and the feedback control error). At the same time, this study
first attempts to treat the whole dynamics of the system as disturbances, so it is necessary to
adjust the controller output gain to meet different control performance indicators during the
design process.

Based on the proposed UDSMC, this study extends it to MIMO systems, and introduces
MIMO-ESO to estimate the derivative information of system output and feedback errors, and
applies it to the design of a quadrotor trajectory tracking control system. This is the first time that
the U-control algorithm has been applied to a real-time industry application. Compared with the
experimental results of the conventional SMC and built-in PID control systems, the MIMO-ESO
enhanced UDSMC control system shows superiority in trajectory tracking performance (faster
response and fewer tracking errors) and the controller output chattering is significantly reduced.
This successful experiment further illustrated and verified the superiority and potential of the

U-control system.

7.2 Proposed further research

As for the algorithm, based on the MIMO-ESO UDSMC, the adaptive UDSMC can be further
developed and researched to automatically adjust the controller gain to cope with different
controlled plants and control performance specifications. At the same time, the learning-based
U-control system algorithm should also be very interesting, because these two algorithms,
especially reinforcement learning and UDSMC method both have very low requirements for the

model information of the controlled plants, and these methods can be regarded as black box
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control methods. Therefore, the development on the basis of model-based reinforcement learning
and model-free reinforcement, model-independent reinforcement U-learning is challenging and
potential.

In terms of applications, the quadrotor used in this study is Parrot Minidrone, which is a
small UAV with a small size and light load. Therefore, it is difficult to cope with complex and
extreme environments, so the experiments tested in this study were carried out indoors. The
next step of the experimental tests can consider using large UAVs for the long-distance, variable
load to implement flight missions in more complex environments such as wind distances to test
the effectiveness of the proposed algorithm. At the same time, this research has not covered the
design and application of the control algorithm for the over-actuated system, and it can also be a

potential research direction.
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