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Chapter 1

Introduction

In Chapter 1, the background and objective of this dissertation are presented in detail. The approaches
that are used to achieve the objectives are clarified. This chapter ends by giving the chapter organization

and nomenclature.

1.1 Background of This Dissertation

In the conventional analysis and design methods of control systems, it is assumed that the dynamics
of plants that are desired to be controlled are known accurately [1,2]. However, the assumption is not
practical in many cases; in reality, the dynamics of plants can be identified at some level of accuracy
in a limited bandwidth, so there is a discrepancy between the mathematical models and the actual dy-
namics of systems [3,4]. Typical sources of the discrepancy are un-modeled high frequency dynamics,
model simplification, order reduction, system parameter variations, torn-and-worn factors, and so on. If
a controller is designed by considering only the identified dynamic model, i.e., nominal plant model,
then the stability and performance of the system may deteriorate by the uncertain plant dynamics that
are not considered in the design of the controller [3,4]. Besides the perturbations of plant dynamics,
external disturbances, such as gust disturbance on a crane or aircraft, sensor noises, etc., may degrade
the performances of control systems, significantly [5,6].

To improve the stability and performance of control systems in practice, plant uncertainties and exter-
nal disturbances should be considered in the design of controllers. In the literature, it is examined under

the problem of “Robust Control” that is described in this dissertation as follows:
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&9 y(S)

r C(s)

Fig. 1-1: Block diagram of a basic feedback control system.

”Designing a controller such that stability and performance goals are achieved irrespective of plant
uncertainties and external disturbances.”

It is a well-known fact that high gain controllers are naturally robust; parameter variations can be
neglected by using sufficiently high gain control signals [7-9]. Equation (1.1) shows the transfer function
of a basic feedback control system that is shown in Fig. 1-1.

_ Cs)6s)
1+ C(s)G(s)

G(s)

") T e a0)

y(s) d(s), (1.1)

where C(s) and G(s) denote controller and plant, respectively; r(s) and d(s) denote reference and
disturbance external inputs, respectively; and y(s) denotes response. Equation (1.1) shows that as the
control signal is increased, C'(s) becomes more dominant in the closed loop response of the system and
attenuation of external disturbance is improved, i.e., the robustness of the control system is improved.
However, increasing control gain has several disadvantages such as exciting high frequency dynamics
or resonant frequency, increasing noise, energy consumption, and so on. Therefore, the robustness of
control systems cannot be achieved by only increasing the control gain in general.

The theory of modern Robust Control began in the late of 70s and early of 80s by noticing that
optimal feed-back control methods fail to recognize the importance of model uncertainty in limiting
achievable control performance [10,11]. After that, several researches have been conducted to suppress
the effects of plant uncertainties and external disturbances [11-13]. The definition of the dynamic
perturbations of plants is the basis of the robust analysis and design control methods. In general, robust
control methods can be categorized by considering the dynamic perturbations of plants, namely real
parametric uncertainties and unstructured uncertainties as shown in Fig. 1-2.

In the real parametric uncertainty based analysis and design methods, as it can be deduced from the

name directly, it is assumed that the general structure of a plant’s dynamics is known accurately; however,

_2_
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[ Dynamic Perturbations of Plants ]

[Real Parametric Uncertainties ] [ Unstructured Uncertainties ]

Fig. 1-2: Dynamic perturbations of plants.

the parameters of the dynamic model include uncertainties in which the upper and lower bounds of
parameters can be determined [14, 15]. Equation (1.2) and eq. (1.3) show the model of a servo system

by using real parametric uncertainties.
mé + cq + kq = f(t), (1.2)

(M + 0m)G + (cn + 0c)q + (kn + 01r)q = (1), (1.3)

where o,, denotes nominal, i.e, identified, parameters; and d, denotes parameter variations.

The dynamic perturbations in many industrial applications can be modeled by considering the real
parametric uncertainties such as torn-and-worn effects on plant components, shifting operating point,
and so on [15]. Conventionally, systems that include real parametric uncertainties are analyzed by grid-
ding the uncertain parameters in admissible regions; however, it is computationally inefficient [14].
Kharitonov theorem is the basis of the modern real parametric uncertainty based robust analysis and
design control methods [16, 17]. It shows that at most four polynomials should be analyzed to show the
asymptotic stability of interval polynomials, so the computational complexity and load of the conven-
tional gridding methods are eliminated. After Kharitonov theorem, several real parametric uncertainty
based analysis methods were proposed in this field, e.g., Edge and Tsypkin-Polyak theorems which are
used in Chapter 3 [18, 19]. The real parametric uncertainty based analysis methods have two main dis-
advantages. The first one is that only the real parametric uncertainties can be considered in this method;
therefore, the general structure of the dynamic model should be obtained accurately, e.g., the relative
degree or the order of the plant model should be identified precisely. The second one is that it is not
an easy task to derive compact solutions in the robustness analysis. Therefore, in general, numerical
or geometry-based control algorithms are used in the analysis and design of the robust control systems.
Although useful analysis algorithms can be obtained numerically, designing a robust controller is not an

easy task in general.
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Fig. 1-3: Description of output multiplicative uncertainty.

In the unstructured uncertainty description, many perturbations, such as order reduction, paramet-
ric uncertainties, un-modeled non-linearities, etc., can be lumped into one single perturbation block
[3,4,20]. Therefore, any kind of plant uncertainties can be easily considered by using the unstructured
uncertainty based description. There are different unstructured uncertainty definition methods in the
literature such as additive perturbation, inverse additive perturbation, input-output multiplicative pertur-
bations, and so on [4]. All of the perturbation definition methods have their own advantages and disad-
vantages, so they are chosen by considering the robust control problem [4]. The output multiplicative

uncertainty based description, which is used in Chapter 3, is shown in eq. (1.4) and Fig. 1-3.
G(s) = Gn(s)(1 + A(s)), (1.4)

where A(s) denotes the unstructured uncertainty block.

Several robust analysis and design control methods have been proposed by using the unstructured un-
certainty based plant description [11-13]. Small Gain theorem is one of the most widely used robust
control tools to analyze the robust stability by using the unstructured uncertainty model of an exact plant
[21,22]. The main advantage of the Small Gain theorem is that the robust stability and performance cri-
teria can be analytically defined in a compact form for any kind of plant dynamics. However, Small Gain
theorem considers only the amplitude response of Nyquist plot; therefore, it suffers by the conservatism
which may degrade the performance of control systems significantly as shown in Chapter 3.

H . control is another important robust analysis and design control method that can be implemented
into several different robust control problems such as multi-variable control [23,24]. Several researches

have been conducted on H,, based robust control in the literature, and the robust control systems can

_4-
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be simply designed by using the advanced H, control toolbox provided by Matlab [25,26]. The main
disadvantages of H, control are that it has a complicated mathematical structure which is a very serious
problem for practitioners and even researchers, robust controllers that are designed by using H, control
methods may not be implemented easily that is a very challenging issue in practical applications, and
it suffers from conservatism. The conservatism can be decreased by using Structured Singular Values,
i.e., p synthesis, introduced by J. C. Doyle [27]. However, p synthesis based analysis and design
methods have also complicated mathematical structures. To analyze and design p synthesis based robust
controllers, 1 control toolbox provided by Matlab can be used [28].

There are also another conventional robust control methods in the literature such as Linear Quadratic
Gaussian (LQG) optimal control problem [29]. However, complicated mathematical structures and
impractical controllers are the main challenging issues of the conventional Robust Control methods in
general.

Besides the conventional robust control methods, two-degrees-of-freedoms (2-DOF) controllers are
widely used to achieve robust control systems in the literature. In 2-DOF control systems, against the
conventional methods, a robustness controller forces uncertain/exact plant to behave as its nominal plant
model and suppresses external disturbances so that the performance controllers can be easily designed
by considering only the dynamics of the nominal plant model. Consequently, the robustness and perfor-
mance goals of the systems are controlled independently by using two different controllers, namely the
robustness and performance controllers. Several 2-DOF robust control structures have been proposed
in the literature such as Generalized Internal Model Control (GIMC) and Disturbance Observer (DODb)
based controllers [30-33]. Among them, DODb is one of the most popular robust control tools since the
robustness can be adjusted in a desired bandwidth, intuitively. The basis of the DOb design depends on
the unknown or unmeasured input observation methods which were proposed in the beginning of 70s
[34,35]. However, it has been widely used in robust motion control applications after it was proposed by
K. Ohnishi in 1983 [32]. A DOb is a very important design tool to achieve robustness in sliding mode

based control systems (SMC), e.g., acceleration based controller (ABC) in motion control systems [36].

1.2 Objective

There are two main objectives of this dissertation. They are stated as follows:

(1) To extend the application area of DOb beyond the motion control.

—5_
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(2) To clarify the design constraints in the DOb based robust motion control systems.

Although DOb has long been a very well-known robust control tool in the literature and has a very
simple control structure, its applications are mainly limited in the motion control field. One of the most
important reasons of this limitation is that DOb based robust control systems have not sufficient analysis
and design control methods. To extend the application area of DOb beyond the motion control, new
analysis and design control methods should be proposed by considering different dynamic characteristics
of uncertain/exact plant, e.g., non-minimum phase systems.

DOb has been widely used in motion control applications, such as robotics and automotive, since it
was presented in the first IPEC conference [32]. However, DOb based robust motion control applications
still suffer from insufficient analysis and design control methods, so its implementations highly depend
on designers’ own experiences. To improve the robustness, stability, and performance of DOb based
motion control systems, the robust motion control structures should be re-considered, the robustness and

stability should be clarified, and novel analysis and design control methods should be proposed.

1.3 Approach

In this dissertation, novel analysis and design control methods are proposed for DOb based robust
control systems.

Several different uncertain/exact plant dynamics, such as plants with real parametric uncertainties and
right half plane pole(s) and zero(s), are considered in the design of DODb so as to extend its application
area. The design constraints of DOb are clarified by using advanced control methods such as Kharitonov
and Bode integral theorems. The main advantage of the proposed methods is that they clarify the robust-
ness characteristics of DOb practically, e.g., if an uncertain/exact plant is minimum phase and includes
only real parametric uncertainties, then the robust stability margin of the control system can be improved
by increasing the bandwidth of DOb. The proposed methods can be easily implemented into many dif-
ferent robust control problems without requiring advanced mathematical background.

Although the robustness and stability of DOb based motion control systems have been previously
researched in the literature, they are re-considered in this dissertation so as to clarify the practical de-
sign constraints of DOb in the motion control applications. Against the conventional analysis methods,
imperfect velocity measurement, in which a LPF is used to suppress noise of velocity measurement in

practice, is considered in the proposed analysis; and a new robustness design constraint is derived. It

—6—
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Fig. 1-4: Chapter organization.

is shown that the proposed robustness constraint directly limits the stability and performance of DOb
based motion control systems. The stability of DOb based robust motion control systems, i.e., position
and force control systems, are analyzed, and new practical design constraints, which improve the per-
formance of motion control systems significantly, are proposed. The author believes that the proposed
control tools are very useful not only for researchers, but also for practitioners of motion control field

due to their simplicity.

1.4 Chapter Organization

Fig. 1-4 shows the chapter organization. Chapter 2 explains the general structure of DOb based robust
control systems, briefly. Chapter 3 analyzes the DOb based robust control systems by considering real
parametric and unstructured uncertainties. Firstly, DOb is implemented into the robust control problem

of minimum phase systems that include real parametric uncertainties; and it is shown that the robustness

g
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of the system can be achieved by increasing the bandwidth of DOb. Secondly, unstructured uncertainty
is considered, and the analyses are extended to non-minimum phase and unstable plants and higher order
DOb (HODODb). Several design constraints are provided for different robust control systems by using
Bode and Poisson integral theorems. Chapter 4 analyzes the DOb based robust motion control systems.
A new robustness design constraint is proposed by considering the practical velocity measurement that
is obtained by using a low-pass-filter (LPF). It is shown that the bandwidth of DOb and nominal inertia
are limited by the robustness. Novel stability analysis methods are proposed for DOb based position
and force control systems. The trade-off between the robustness of DOb and stability of motion control
systems is explained clearly. Robust force control systems are discussed in detail by considering practical
environmental impedance estimation methods. It is shown that the robustness is crucial not only in
position control systems, but also in force control systems. Chapter 5 analyzes the DOb based robust
position control problem of multi-degrees-of-freedom robot manipulators by using non-linear control
methods. The equivalence between the passivity and DOb based controllers are used in the analysis of
the robust position control systems. A new design constraint for the nominal inertia matrix is proposed
to improve the stability of the robust position control system. It is shown that the error of the robust
position control system is uniformly ultimately bounded if trajectory tracking problem is considered;
and the radius of the error bound can be shrunk by increasing the bandwidth of DOb and/or nominal
inertia matrix. However, asymptotic stability is achieved if regulator problem is considered. Chapter 6

summarizes and concludes this dissertation.
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Nomenclature
DOb Disturbance observer
HODOb Higher order disturbance observer
DOF Degree-of-freedom
RFOb Reaction force observer
RLMSE Recursive least mean square error
ABC Acceleration based control
LQG Linear quadratic Gaussian
SMC Sliding mode control
SSV Structured Singular Values
LPF Low pass filter
MIMO Multi-input-multi-output
MISO Multi-input-single-output
RHP Right half plane
GA Genetic algorithm
sup Supremum
Cmin Minimum modeling error
emaz Maximum modeling error
T Delay time
G(s) Uncertain/Exact plant model
Gn(s) Nominal plant model
G (s) Approximate minimum-phase nominal plant model
Q(s) Low-pass-filter of DOb
C(s) Outer-loop performance controller
L(s) Open loop transfer function
L Minimum phase open loop transfer function
r Reference external input
d Disturbance external input
13 Noise external input
y(s) System response, i.e., output
d*(s) Estimated disturbance
T (s) Control signal
Whp(s) Performance weighting function
Ws(s) Stability weighting function
T(s) Co-sensitivity function
S(s) Sensitivity function
A Uncertain block in which ||A||s < 1
90 Bandwidth of DOb
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ZRHP Right half plane zero

PRHP Right half plane pole

wR Bandwidth of closed loop system
Imn Nominal inertia/mass of motor
Im Inertia/mass of motor

AJp, Inertia/mass variation

K., Nominal thrust coefficient of motor
K, Thrust coefficient of motor
AK, Thrust coefficient variation

I, Motor current

Ides Desired motor current

" Compensate motor current

m Angle/position of motor

Gm Velocity of motor

Gm Acceleration of motor

gdes Desired acceleration

groise Noise of velocity measurement
s / Reference angle/position

G ! Reference velocity

G ! Reference acceleration

9Dob Cut-off frequency of DOb
JRFOb Cut-off frequency of RFOb

G Cut-off frequency of velocity measurement
rload Loading torque/force

rire Friction torque/force

Tint Interactive torque/force

74 Total external disturbance

7dis Total disturbance

fdis Estimation of 7./

7 lre Estimation of 73

Fint Estimation of 77

fload Estimation of 7024

Trlg‘}d Reference torque/force

et d External disturbance

TDPO(s)  Sensitivity function of DOb based motion control system

TP (s)  Co-sensitivity function of DOb based motion control system

Lpow(s) Open loop transfer function of DOb based motion control system

TEC(s) Sensitivity function of the DOb based position control system

TPC (s)  Co-sensitivity function of the DOb based position control system
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des

o O QO 0 0o 0

o
o

Open loop transfer function of the DOb based position control system
Natural frequency

Damping coefficient

Derivative gain of performance controller
Proportional gain of performance controller
Fictitious robust control switch

Force control gain

Open loop transfer function of the DOb based conventional explicit robust force control system
Open loop transfer function of the explicit robust force control system with RFOb
Sensor inertia/mass

Sensor damping

Sensor stiffness

Bandwidth of force estimation

Compliance selection constant

Forgetting factor

Projection function

Nominal inertia matrix

Inertia matrix

Inertia matrix variation

Coriolis and centrifugal matrix

Gravity torque/force vector

Generalized torque control input vector
Friction torque/force vector

Load torque/force vector

Angle vector

Velocity vector

Acceleration vector

Desired acceleration vector

Angle/position error vector

Velocity error vector

Vector of the error dynamics

Derivative of the error dynamics vector
Reference angle vector

Reference velocity vector

Reference acceleration vector

Minimum eigenvalue of -

Maximum eigenvalue of -

Desired torque/force vector

Vector of disturbance estimation
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7d External disturbance vector
rdes Desired torque input vector
Gpob Bandwidth of DODb in a diagonal matrix form
Grpr(s)  LPF of DOb in a diagonal matrix form
GDOb Bandwidth of DOb and integrator in a diagonal matrix form
Kp Derivative gain in a diagonal matrix form
Kp Proportional gain in a diagonal matrix form
\% Lyapunov function candidate
1% Derivative of Lyapunov function candidate
Superscript
con Control
ref Reference
des Desired
dis Total disturbance, including external disturbances and system uncertainties
d External disturbance
frc Friction
load Load
int Interactive
DOb Disturbance observer
RFOb Reaction force observer
Subscript
DOb Disturbance observer
RFOb Reaction force observer
sen Sensitivity function
cosen co-sensitivity function
m motor

This dissertation is written in time domain unless otherwise stated.

“(s)” signs after variables indicate that the variables are in Laplace domain.
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Chapter 2

Disturbance Observer

2.1 Introduction

In this chapter, DOb based robust control systems will be explained, briefly.

2.2 Disturbance Observer based Robust Control Systems

A DOb, which was proposed by Ohnishi et al., is a robust control tool that estimates external dis-
turbances and system uncertainties [32,33]. In DOb based robust control systems, the estimated distur-
bances, including system uncertainties, are fed-backed in a feed-back loop, namely inner-loop, so that
the robustness of a system is obtained. To achieve performance goals, another feed-back loop, namely
outer-loop, is designed independently by considering only nominal plant parameters, since a DOb nom-
inalizes uncertain plant and suppresses external disturbances in the inner-loop. The control structure, in
which the robustness and performance are adjusted independently, is called as two-degrees-of-freedom
(2-DOF) control in the literature [37]. The main advantage of a DOD is that it suppresses external distur-
bances and system uncertainties without affecting the outer-loop performance controller [38]. Therefore,
it has wide range of application areas, specifically in the motion control field, e.g., industrial automation,
automotive, and robotics [39-42].

A Block diagram for a DOb based robust control system is shown in Fig. 2-1, in which 2-DOF robust
control structure is clarified.

In this figure, G (s) and G,, (s) denote uncertain and nominal plant models, respectively; () (s) de-

notes the low-pass-filter (LPF) of DOb; C' (s) denotes the outer-loop performance controller; 7, d, and

— 13-



CHAPTER 2 DISTURBANCE OBSERVER

Outer —loop

Fig. 2-1: Block diagram of a DOb based robust control system.

¢ denote reference, disturbance, and noise external inputs, respectively; d* denotes system disturbances
including external disturbances and plant uncertainties, and d* denotes its estimation; and 7“°"* denotes
outer loop control signal.

Equation (2.1), eq. (2.2), and eq. (2.3) are derived directly from Fig. 2-1 as follows:

Tcon—l—c/i\*—G(S)_lyzd, (21)
reon 4 c/l\* . Gr_zl(s) (y _ é‘) _ d*’ (22)
(,rcon + C/Z\* _ Ggl(S) (y — 5)) Q (5) = (/i\* (2.3)

Equation (2.1) indicates external disturbances; however, eq. (2.2) indicates external disturbances as
well as system uncertainties. Equation (2.3) shows that a DOb can estimate external disturbances and
system uncertainties precisely if they stay within the bandwidth of @) (s) and the output measurement is

not influenced by noise, i.e., & = 0 . Therefore,
e The higher the bandwidth of DOD is, the more the disturbance suppression improves.

e The output measurement influences the performance of DOb based robust control systems, signif-

icantly.

Equation (2.1), eq. (2.2), eq. (2.3) and Fig. 2-1 indicate that the dynamic characteristics of a DOb
based robust control system depend on the dynamics of the LPF of DOb, the discrepancy between the

nominal and uncertain plant dynamics, and the outer-loop performance controller. In the next chapter,
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DOb based robust control systems are analyzed by considering the dynamics of plants, LPF of DOb, and

outer-loop performance controller, in detail.

2.3 Summary

This chapter briefly explains DOb based 2-DOF robust control systems. There are several different
2-DOF robust control structures in the literature, such as generalized internal model control (GIMC);
however, among them, DODb is one of the most popular robust control tools due to its simplicity. As it
can be seen from Fig. 2-1 and eq. (2.1)-eq. (2.3), the main advantage of a DOD is that a robust control
system can be intuitively designed in a limited bandwidth without requiring complicated mathematical
methods. However, the stability and performance of DOb based robust control systems are influenced
by the design parameters of DOD, such as the dynamics of LPF and nominal plant model, significantly.
Therefore, more advanced analysis and design methods should be proposed to improve the DOb based

robust control systems.
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Chapter 3

Robustness of Disturbance Observer
Based Control Systems

3.1 Introduction

In this chapter, the robustness of DOb based control systems will be analyzed in detail. Firstly, the
conventional analysis method, which is based on the Small Gain theorem, will be discussed briefly in
section 3.2 [31]. The robustness of a DOb based control system can be easily analyzed by using the con-
ventional method; however, it has several disadvantageous, e.g., the conservatism limits the bandwidth
of DOb which degrades the performance of control systems significantly, and the conventional analysis
method does not provide clear insight into the robustness characteristics of DOb. To decrease the con-
servatism, the robustness of a DOb based control system is analyzed by using Structured Singular Values
(SSV), i.e., u-synthesis, in section 3.3 [43,44]. Although the conservatism can be decreased by using
the SSV, it cannot be removed completely due to the discontinuity problem of the real SSV. Besides,
as the conventional analysis method, p-synthesis cannot provide us a clear insight into the robustness
characteristics of a DOb based control system.

To solve the aforementioned problems, two novel robustness analysis methods are proposed for the
control systems based on DODb. In the first analysis method, it is assumed that a minimum-phase uncertain
plant includes only real parametric uncertainties and the order of DOb is one. Kharitonov and Edge
theorems are implemented into the DOb based control systems, and it is shown that the robust stability
can be achieved if the bandwidth of DODb is higher than its lower limit that is defined in section 3.4.

Tsypkin-Polyak theorem is also implemented into the defined problem, and it is shown that the stability
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margin of the control system is improved as the bandwidth of DODb is increased [43]. The proposed
method does not suffer from conservatism and gives a clear insight into the robustness characteristic
of a DOb based control system; however, the applications are limited by the strict assumptions on the
uncertain plant model and DOb dynamics. To analyze the robustness of more general control systems and
higher order DOb (HODOb), Bode and Poisson integral theorems are implemented into the DOb based
robust control systems, and the strict assumptions on the uncertain plant model and DOb are released
in the second proposal. It is shown that the bandwidth of a DOb is limited by the robustness constraint
if the uncertain plant includes time delay and/or right half plane zero(s). However, if the uncertain
plant includes right half plane pole(s), then the bandwidth of DODb has lower bound due to the robustness
constraint. Besides, the performance of a DOb can be improved by increasing its order, yet the robustness
deteriorates and the bandwidth constraints of DOb become more strict. The proposed method provides
a deep insight into the robustness of DOb based control systems in a wide range of application area such
as non-minimum phase and unstable plants; however, it suffers from the conservatism that is explained
in section 3.5 [45]. This chapter is finally concluded in section 3.6 by giving summaries.

To clarify the conservatism and design constraints of a DOb, a general second order plant model,

which is shown in eq. (3.1) and eq. (3.2), is analyzed in this chapter.

s+9
Gn (%) = 3055+ 20° G.D
Gls)=G(s) = — D5 Aw (s, 3.2)

098? + a5 + ap

where 12 < ap <323 < o1 <1502 < ap <86 < fy < 13;0.2 < 1 < 3; Wa(s) = g2t

denotes an additive unstructured uncertainty weighting function; and ||A|| = 1.

In the definition of the uncertain plant model dynamics, it is assumed that the plant includes high para-
metric uncertainties, and it is also influenced by the additive unstructured uncertainty, which is defined
by W4 (s), after 700 rad/s., significantly. Fig. 3-1 shows the step response of the nominal plant and pole
spread of the uncertain plant models when a PID controller, in which K, = 10, K; = 30 and K; = 0.5
are used as proportional, integral and derivative gains, is implemented in the feed-back control.

It is clear from Fig. 3-1 that the system response changes significantly by the plant perturbations.
Although the PID controller provides a good performance for the nominal plant model, the stability
cannot be achieved when the plant uncertainties are considered. It is a well known fact that the robustness

can be improved by increasing the control gain when plant is minimum phase. However, as discussed in
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Chapter 1, it has several practical disadvantages such as exciting resonant frequency.

Step response
1.4 T T T

1.2 b

0.8 b

Output (dimensionless)

04} b

0.2H b

I
0 0.5 1 15 2 25 3 35 4 4.5 5

Time (s.)

(a) Step response of the nominal plant model when the PID controller is
implemented.

Pole Spread
Im(s)

10}

Re(s)

(b) Pole spread of the uncertain plant model when the PID controller is
implemented.

Fig. 3-1: Step response and pole spread of the second order plant when the PID controller is implemented.
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3.2 Conventional Analysis Method

Conventionally, a DOb based robust control system is analyzed by using the Small Gain theorem
due to its simplicity [31,46—48]. In the conventional analysis method, an uncertain plant is described
by using an unstructured uncertainty model, so any kind of uncertainty can be easily considered in a
compact form [47,48]. For the sake of simplicity, the robustness is analyzed analytically by considering
only the amplitude response of Nyquist plot [3,4,22]. However, the simplification causes conservatism
which is the main drawback of the Small Gain theorem [49-51].

A block diagram for a DOb based robust control system is shown in Fig. 3-2 when plant is defined by
using an output multiplicative unstructured uncertainty.

In this figure, G(s) and G,,(s) denote uncertain and nominal plant dynamics, respectively; W (s) and
Wp (s) denote robust stability and performance weighting functions, respectively; C'(s) denotes outer-
loop performance controller; Q(s) denotes the LPF of DOb; 7, d and & denote reference, disturbance and
noise external inputs, respectively; d* denotes estimated disturbance; and 1Al < 1.

The robustness, i.e., the robust stability and performance, of a DOb based control system can be
analyzed analytically by using the output multiplicative unstructured uncertainty and Small Gain theorem
as follows:

Robust Stability:

[AWST |, <1, (3.3)

G(9): uoatainplart
d A

D (s) —>

Fig. 3-2: Block diagram of a DOb based robust control system when output multiplicative unstructured
uncertainty is used to define uncertain plant.
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Robust Performance:

[AWPS]l,, <1, (3.4)

where S (s) and 7" (s) denote the sensitivity and co-sensitivity transfer functions, respectively.

Equation (3.3) and eq. (3.4) show that the robust stability and performance of a DOb based control
system can be easily analyzed by deriving the sensitivity and co-sensitivity transfer functions. However,
in general, weighting function design is the most challenging issue and influences the performances of
control systems and conservatism of analyses, significantly.

Sensitivity and co-sensitivity transfer functions of a DOb based robust control system are derived

directly from Fig. 3-2 as follows:

Inner-loop:
(s) = Gn(s) (1= Q(s))
i) = G - Q@)1 G QE) (35)
N G (5)Qs)
) = G -0+ G Q) (3.6)
Outer-loop:
) — Gn(s)(1=Q(s) +G(5)Q(s
So(s) = Gn(s)(1-=Q(s)+G(s)Q(s)+G(s)Gn(s)C(s)’ (3.7
T, (s) = G (5) Gn (5) C (s) 58

Gn(s)(1=Q(s) +G(5)Q(s) + G (s)Gn(s)C(s)’
where S, (s) and T, (s) denote inner and outer-loops’ sensitivity and co-sensitivity transfer functions,
respectively.

Equation (3.3) and eq. (3.6) show that the bandwidth of a DOb is directly limited by the robust stability
weighting function, i.e., if the bandwidth of DODb is higher than the frequency in which the nominal plant
model cannot describe the dynamics of the exact plant sufficiently, then the robust stability deteriorates.
Consequently, the bandwidth of DOD, i.e, the performance of the robust control system, is limited by the
identification of plant uncertainties, i.e., the dynamics of Wg (s).

At low frequencies, i.e., @ (s) = 1, the sensitivity and co-sensitivity transfer functions are derived as
follows:

Inner-Loop:

Ti(s) = 1, (3.9)
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Outer-Loop:
B G (s)
So(s) = G(s)+G(s)Gy(s)C(s)’
S G (5) Gy (5)C(s) ' (3.10)

G(s)+G(s)Gp(s)C(s)

It is clear from eq. (3.9) that if external disturbances have low frequencies, then a DOb provides good
robustness by suppressing external disturbances in the inner loop. Although, in general, it is assumed
that the robustness and performance of a DOb based control system are independently adjusted in the
inner and outer-loops, respectively, eq. (3.10) shows that the performance controller, C (s), changes the
robustness of the outer-loop.

At high frequencies, i.e., @ (s) = 0, the sensitivity and co-sensitivity transfer functions are derived as

follows:
Inner-Loop:
Si(s) = 1,
T(s) = o, (3.11)
Outer-Loop:
) G (5)
%) = G T30
_ G(S)Gn (3) (S)
Ll = G+ 6. (10 -

Equation (3.11) shows that a DODb is sensitive to external disturbances at high frequencies, however
noise can be suppressed precisely in the inner-loop.

The sensitivity and co-sensitivity transfer functions clearly show the asymptotic behaves of a DOb
based robust control system’s frequency responses. However, as shown in eq. (3.3) and eq. (3.4), the
robust stability and performance are determined by the supremums’ of the sensitivity and co-sensitivity
transfer functions’ frequency responses. Therefore, the analyses of asymptotic behaves are not sufficient

to determine the robustness.

3.2.1 Simulations

In the simulations, a DOb based robust control system is designed for the uncertain plant model that

is defined in eq. (3.1) and eq. (3.2). Robust stability and performance of the DOb based control system
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Bode Diagram Bode Diagram

L

Magnitude (d8)
Magnitude (d8)

First Order DOb.
Second Order DOb

Weighting Function

60
10’ 10" 10° 10 o 10° 10"
Frequency (radls) Frequency (rad/s)

(a) Inner-loop sensitivity function. (b) Inner-loop co-sensitivity function.

Bode Diagram Bode Diagram

(dB)
(dB)

Magnitude
Magnitud

First Order DOb
Second Order DOb
Weighting Function

First Order DOb
Second Order DOb
Weighting Function

-25
10 10 10 10 10 10 10 10
Frequency (rad/s) Frequency (rad/s)

(c) Outer-loop sensitivity function. (d) Outer-loop co-sensitivity function.
Fig. 3-3: Sensitivity and Co-sensitivity function frequency responses.

are analyzed by using the Small Gain theorem so as to clarify the conventional analysis method. The
uncertain plant model is obtained by using the first order approximation of the output-multiplicative

unstructured uncertainty weighting function as follows:

s+9 25 +120
G(s)=—5——11 — . 3.13
(5) 52+8s+20< s—|—600> (3.13)
The performance weighting function is chosen as Wp (s) = %. The sensitivity and co-sensitivity

transfer function frequency responses are shown in Fig. 3-3.

Fig. 3-3 shows the inner and outer loops’ sensitivity and co-sensitivity transer functions frequency
responses, i.e., the inner and outer loops’ robust performance and stability, respectively. Fig. 3-3(a) and
Fig. 3-3(b), respectively, indicate that the robust performance and stability of the inner-loop are related to
the bandwidth of DOb significantly, and as the bandwidth of DOD is increased, the robustness of inner-

loop deteriorates. In the simulations, the upper bound of the bandwidth of DODb is obtained as 200 rad/s..
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to satisfy the robust stability and performance. As shown in Fig. 3-3, the bandwidth constraints become
more severe as the order of DOD is increased. It is a well-known fact that although the robustness
deteriorates, the performance of a DOb is improved by using a HODOb. Fig. 3-3 clearly indicates that

the outer-loop performance controller changes the robustness of a DOb based control system.

3.3 Structured Singular Values (u-synthesis)

To decrease the conservatism, structured uncertainty based analysis methods are generally used in the
literature [31,52]. Structured Singular Values (SSV), which was proposed by Doyle, is one of the most
widely used structured uncertainty based robustness analysis methods [27]. It can be easily implemented
into many different robust control problems, e.g., multi-input-multi-output (MIMO) control systems, by
using the p and "Robust Control” toolboxes of Matlab [26, 28]. Although the conservatism can be
decreased by using the SSV, it cannot be removed completely due to the discontinuity problem of the
real SSV [53].

Guvenc et al. and Sariyildiz et al. analyzed the robustness of DOb based control systems by using
the SSV and obtained less conservative results than the conventional analysis method [44,47]. Block
diagram of a DOb based robust control system is shown in Fig. 3-4 when an uncertain plant is defined

by using the SSV.

-1
_ — 0 1 0 1
In this figure, M_ -1 = 2 aQ_"l s Mo, = and Mg, =
2 Qs Qy ﬁjgﬂjn 6]@

denote
—Q2; TQy,
the linear fractional transformations; a; = o, (14 ai;0a,), B = Bj, (1 + Bj;03,) denote structured

n

parametric uncertainties in which «;, and 3;, denote nominal plant parameters and «;;0,, and 3j; 55j
denote parametric uncertainties.

By using the SSV, the robust stability of a control system can be simply analyzed in a compact form
as follows:

sup (1 (M) < 1, (3.14)

where pua (M) =

1
min{z(A): det(I—MA)=0,A is structured} "
The robust performance can be similarly analyzed by using the SSV [26,28]. The SSV can be

implemented into DOb based robust control systems systematically by using the i toolbox of Matlab;

however, the robustness characteristics of a DOb cannot be clarified by using the p toolbox.
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0 .. 0
0
3, 0
5,
0 - Iy
d
ny N AN B8+t By X(S)
r =0 C(8) PO >
3 . ' a, s +a,s+ay, +

a, s +a,s+a,

b(a,54)(s+a)

(a) SSV structure.

G(s) :uncertain plant -

a, s +a,s+a,
(B,5+ ) (5+90)

(b) Linear Fractional Transformation.
Fig. 3-4: Block diagram of a DODb based robust control system when SSV is implemented.

3.3.1 Simulations

In the simulations, DOb based robust control problem of the uncertain plant that is defined in eq. (3.1)
and eq. (3.2) is re-considered by using the SSV. The robustness of the control system is analyzed by
using the p toolbox of Matlab. Fig. 3-5 and Fig. 3-6 show the robust stability and performance analysis
results, respectively.

To solve the discontinuity problem, fictitious complex coefficients, which cause small conservatisms,
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(c) Outer-loop robust stability analysis. Band-

d) Outer-loop robust stability analysis.
width of DO is 180 rad/s. (d) Outer-loop robust stability analysis

Fig. 3-5: Robust stability analysis by using the SSV.

are used in the definitions of the structured uncertainties.

Fig. 3-5 shows that increasing the bandwidth of DOb improves the robust stability; however, increas-
ing the order of DOD deteriorates the robustness. The analysis shows that the robustness of the system is
achieved when the bandwidth of DOb is 250 rad/s.. However, in the previous section, the conventional
analysis shows that the bandwidth of DOb should be smaller than 200 rad/s. to achieve the robust stabil-
ity. It is clear that the conservatism degrades the performance of DODb based control systems significantly

by limiting the bandwidth of DOb.
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Fig. 3-6: Robust performance analysis by using the SSV.

3.4 DOb Design Constraints in the Presence of Real Parametric Uncer-

tainty

In this section, the robustness of DOb based control systems is analyzed by using the robust control
methods based on real parametric uncertainties [43]. To obtain a general result, it is assumed that the
order of DOb is one and the uncertain plant is minimum phase. However, the proposed method can be
similarly implemented into different plants that have real parametric uncertainties to determine the ro-
bustness. Kharitonov and Edge theorems are implemented into interval and affinely linear characteristic
polynomials, respectively, and it is shown that the robustness of the control system is achieved if the
bandwidth of DODb is higher than its lower bound [54-56]. Besides, Tsypkin-Polyak theorem is used,
and it is shown that the robust stability margin of the DOb based control system improves as the band-
width of DOD is increased [54-56]. Mikhailov criterion is used to show the robust stability [14]. The
Mikhailov criterion, Kharitonov and Edge theorems are given without proofs as follows:

Theorem 3.1 Mikhailov Criterion: The real polynomial p (s) = qo + ¢15 + ... + qns™ of degree n is
stable if and only if the plot of p (jw) with w increasing from 0 to oo turns strictly counterclockwise and
goes through n quadrants in turn [14].

Theorem 3.2 Kharitanov Theorem: An interval polynomial p (s) = qo + ¢15 + ... + qns™ where
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q; < q; < g;,is stable if and only if the following four Kharitanov polynomials are stable.

p(s) = @+ stalsraistrarsttarst ..,
p () = gy raistast e rarst s+,
pTT(s) = i ras+ra s tasSralsttas
pTt(s) = q0+—l—qfs—}—q;sz+q§s3+q4+s4+q;s5+.... (3.15)

It is sufficient to check the stability of p*~ (s) if p (s) is third order; p*~ (s) and p™ (s) if p (s) is
fourth order and p*~ (s), p™* (s) and p~ (s) if p (s) is fifth order [14,16,17].

Theorem 3.3 Edge Theorem: An affinely linear polynomial, p (s) = po (s) + > i ¢ipi (s) , in which
q <¢q < q;r , s stable if and only if all edge polynomials are stable [14].

Kharitonov theorem is a very useful robust stability analysis tool when a characteristic polynomial
is interval. However, the strict restriction on the characteristic polynomial limits the applications of
Kharitonov theorem. Although it can be used even if a characteristic polynomial is not interval, results
include conservatism. As shown in eq. (3.15), at most four polynomials should be analyzed to determine
the robustness of uncertain systems when Kharitonov theorem is used. If a characteristic polynomial is
affinely linear, then Edge theorem is used to obtain non-conservative robustness analysis results. How-
ever, | x 2!=! number of edge polynomials should be analyzed for [ number of uncertain parameters
when Edge theorem is used.

Let us assume that a plant that includes real parametric uncertainties is defined as follows:

_ Bno1s" 4 Bpas™ 2+ .+ Bis+ o

(3.16)
Q8" + Q18"+ L+ aps + ag

G (s)

where o, < a; < a;r and 8, < 3; < Bj denote real uncertain parameters.

If the characteristic polynomials of a DOb based robust control system, which are given in eq. (3.5)
and eq. (3.7), are considered, then a new property is obtained as follows:

Property: If the uncertain parameters are only at the denominator of the plant model, i.e., 3; is known,
and the relative degree of the plant model is one, then the characteristic equations of the inner and outer
loop transfer functions given in eq. (3.5) and eq. (3.7) are interval polynomials. However, if the uncertain
parameters are also at the numerator of the plant model and / or its relative degree is higher than one, then
the characteristic equations of the inner and outer loop transfer functions are affinely linear polynomials.

Proof: The property can be proved by using a general example. Let us consider: a PID controller that
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is defined by C' (s) = K, + K; X + Kys, the LPF of a DOb that is defined by @ (s) = ngr(iqo in which
go denotes the bandwidth of DOb, and a general second order uncertain plant model that is defined by
G(s) = %. The characteristic equations of the inner and outer loop transfer functions are
derived as follows:

Inner-Loop:

Vi (S) = XNio + Ai1s + )\i282 + )\1383 + >\i484, (3.17)

where \jo = ag,, g0, A\i1 = Qo + @1,,90, Ai2 = @1 + @2, go, A\is = g, and \jy = 0 if the numerator
parameters of the plant are known; however, A\jp = o, Sogo, Ai1 = aoBo, + a1, 8090 + o, 5190,
iz = a1, +aoB, + a2, Bogo + a1, B190, Nis = a2, + 151, + a2, 190, and \iy = a2, if the
numerator parameters of the plant are uncertain.
Outer-Loop:
Vo (8) = Aoo + Ao1s + Ao2s? + Ao3s + Aogs? + Aoss, (3.18)

where Ao = 5o, 90K, Ao1 = o, 90 + Bo, Ki + Bo,, 90 Kp + 51, 90K, Aoz = g + a1, 90 + Bo, 9o K4 +
Bo, Kp + 1, Ki + B1,90Kp, Aoz = a1 + a2, 90 + Bo, Ka + b1,90Ka + b1, Kp, Aos = a2 + 1, Ky,
and A\,5 = 0 if the numerator parameters of the plant are known; however, A\oo = 5000, 90Ki, Ao1 =
oo, Bogo + Bobo, Ki + Bo, B190K; + BoB1, 90K + BoBo, goKp, Aoz = oo, + a1, Bogo + o, B190 +
BoBo, oK a+ Po, B1K:+ Bob, Ki+ 8151, 90K+ Bobo, Kp+Bo, B190Kp+ Bob1, 9o Kp, Aog = a1, +
aoB, +az, Bogo+au, B1go+Bobo, KatBo, BrgoKa+Bobr, goKa+ 8151, Ki+ Bo, b1 Kp~+Bobr, Kp+
B1B1,90Kp, Aoa = a2, + a151, + az,B8190 + Bo,S1Ka + BoP1, Ka + B151,90Ka + P15, Kp, and
Aos = B, + B151, K if the numerator parameters of the plant are uncertain. «; and 3; denote
uncertain plant parameters and «;,, and (3;, denote their nominal values, respectively.

The parameters of the controller and nominal plant model are known. Therefore, as it can be directly
deduced from eq. (3.17) and eq. (3.18), the characteristic polynomials become interval (affinely linear)
if the numerator parameters of G(s) are known (uncertain). The relative degree case can be shown,
similarly.

By using Property, the robust stability of the DOb based control systems are analyzed as follows:

Theorem 3.4 Robust Stability of DOb Based Control Systems with Real Parametric Uncertainties: The
plant with real parametric uncertainties given in eq. (3.16) is robustly stable if the bandwidth of DODb, g,
is higher than its lower bound g;,er--

Proof: Let us first consider the interval inner and outer loop characteristic polynomials case, in which
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Bi is a known parameter. The Kharitonov polynomials of the inner and outer loop characteristic polyno-

mials are as follows:

V7 (s) = A+ Ajps + Ahs® + Ahs® + Agst +.. .,
Vit (s) = A+ Afs+ A5+ As® + Ags +...,
VI (s) = A+ Aps + Ans? + Ahs® + Afst + ...,
Vit (s) = A5+ Afis + Aps® + Aps® + \ist +.. ., (3.19)
V, 7 (5) = A+ Aps + ALs? + ALs? + A s+
Vo (s) = Ay + As + Ahs? + Ags® + >\0—4s4 +...,
VI (8) = My + As + A8t + Ahs® + A st + ...,
VIt (s) = Mo+ Ms + 287 + A58 + /\j4s4 +.... (3.20)

The lower bound on the bandwidth of DODb is derived by using the Mikhailov and Kharitonov theorems
as follows:
Let us consider the outer loop Kharitonov polynomial of ¥V, (s). It can be written in frequency

domain by using

Vo T (w) = Reg—+ (w, go, )+gwlmV + (w, go, ) (3.21)

where

Rev;+ (wjgo,aii) =0 — A:2w2 + )\O_4w4 — ...,
Img—+ (w,go,azi) = )\jl A 3w + Ak 5w — . (3.22)

If the polynomial V  (s) is stable, then the frequency response of the polynomial VT (jw) with w

increasing from 0 to oo turns strictly counterclockwise and goes through n 4 2 quadrants in turn. If

Rev;+ (w7 90, ait) - )\O_O — )\3_2'11)2 -+ A;4w4 — ... = 07

Imv;+ (w,go,aj[) = /\3_1 )\3w +)\5w —...=0, (3.23)
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are solved in terms of gg and ozj-t, then w; = 1; (go, oz;-t), inwhichi =1,2,3,... ,n+ 2, is derived. Let
us assume that w; < we < ws . ... Consequently, the following conditions are derived to determine the

stability of VT (s).

> 0. (3.24)

The minimum value of gg, which satisfies all inequalities in eq. (3.24), gives us the stabilizing band-
width, g+, for the polynomial of V., (s). Consequently, the lower bound on the bandwidth of DOb

is derived as follows:

Jlower = Max (max (gvi—— ) gV;+’ng'_7ng'+> , Max (gv;— ) gv;-*',gvj—agvj;'*')) . (3.25)

Now, let us consider the affinely linear characteristic polynomial case, in which ; is an uncertain
parameter. The Edge theorem is used to determine the lower bound on the bandwidth of DOb. (n +
m) x 2"+™=1 number of edge polynomials should be analyzed to find the lower bound on the bandwidth
of DOb. They can be defined as follows:

There are 2™ vertex polynomials,

Poo = V(5,05,90) lay=ar,.. ao=ay fm=bm..o=5q >
Por = V(8,05,90) lay=as,.. ao=ay fm=pin..f0=5]
Poynim—s = V (s, 3, 90) |an:aﬁ,m,Oéozaar,ﬁm=ﬁ$mﬁo=ﬁo+' (3.26)

(n 4+ m) x 2"*™~1 number of edge polynomials are derived by using the vertex polynomials as

follows:

pel Hpvl + (1 - K‘)pvga
Desy KPvy + (1 - "i)pvga
p52n+m71 va2n+m,1 + (1 - K/)p'lﬂ’ (3'27)
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where 0 < x < 1.

The minimum value of gg, which guarantees that all edge polynomials are stable, gives us the lower
bound on the bandwidth of DOb. The Bialas theorem can be used to analyze the stability of edge
polynomials [57,58]. Also the algorithm, which is derived to find the lower bound in the interval
polynomial case, can be used to find the lower bound in the affinely linear polynomial case as well.
However, the constraint of 0 < x < 1 should also be considered in this case.

It should be noted here that it is very hard to find the analytical solution of the lower bound if the
characteristic polynomial is affinely linear or the characteristic polynomial is interval and the number of
the uncertain parameters is higher than three. For instance, the lower bound can be derived for the third

order interval characteristic polynomial as follows:

Jr — —
o, 0y — Q1,0 — a2na0

go >0 and go > (3.28)

1,0,

However, the lower bound can be easily obtained by using numerical solution methods for both of the
interval and affinely linear characteristic polynomials. To simplify the solution, Kharitonov theorem can
also be applied to the affinely linear characteristic polynomials if the conservatism is acceptable. The
acceptable conservatism means that the derived lower bound on the bandwidth of DOb should be smaller
than its upper bound which is generally determined by practical constraints.

The numerical solutions can be extended to the polynomial coefficient case, which is more general
form of the characteristic polynomials, by using the mapping theorem [14,15]. However, only the
interval and affinely linear polynomials are considered in this dissertation.

Theorem 3.4 is useful to determine whether a system is robustly stable or not; however, the degree of
robust stability cannot be determined. The stability margin of a DOb based control system is determined
by using Theorem 3.6 as follows:

Let us first consider an interval polynomial p(s) = qo-+q15+q2s%+. . .+q,s", in which ¢; = q? +diq;,
q? is nominal parameter, ¢ < 1 is the normalized uncertain parameter, and J; is the coefficient of the
normalized uncertain parameter. Without loose of generality, the normalized uncertain parameter is
29—q"—q

derived by using ¢* = R —, in which ¢~ and ¢ denote lower and upper bounds of the uncertain

parameter, respectively. Let us define new polynomials as follows:

p” (w) = Re (p° (jw)) + jIm (p° (jw)) = U (w) + jV (w), (3.29)
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where p° (jw) = a + als + ... +a%s", and

S(w) = n0+172w2+774w4~|—...,

T(w) = m+nw? +nsw+ ..., (3.30)

where |a - a?‘ < ~n;. Hence, a new function is defined as follows:

U (w)
S (w)

V (w)

Lint = .
: T (w)

+7 (3.31)

Let us now consider an affinely linear polynomial that is p (s) = po (s) + Zﬁ 41 @ipi (8), in which

|gi| < 11is the uncertain parameter. A new function is defined as follows:

Im (po (jw) /px (jw)) |

T = ST (o G e G| T
r(w) = M w = w;. (3.32)
=T, (jw) |

Tsypkin-Polyak theorems for the interval and affinely linear polynomials are stated as follows:
Theorem 3.5 Tsypkin Polyak Theorem:
Interval Polynomial: An interval polynomial is robustly stable if the function Z;,;(w) holds the fol-

lowing conditions:
(1) It goes through n quadrants in counterclockwise direction for w € [0, oo].
(2) It does not intersect the square centered at the origin with side length 2.

(3) Its boundary points, Z;,;(w) and Z;;,;(00), have coordinates with absolute values larger than .

The stability margin of the interval polynomial is 2.
Affinely Linear Polynomial: An affinely linear polynomial is robustly stable if it holds the following

conditions:

(1) po(s) is stable.

(2) 7(w) > 1, where 0 < w < c0.

or
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(1) po(s) # 0 is stable.

(2) Zasr(w) = |§ EE% goes for 0 < w < oo through n quadrants and does not intersect the unit circle.

The stability margin of the affinely linear polynomial is min (7 (w) , 7 (ws), 7 (0) , 7 (00)).

Theorem 3.6 Stability Margin of the DOb Based Control Systems with Real Parametric Uncertainties:

The stability margin of the system with the real parametric uncertainties increases as the bandwidth
of DODb, go, increases, and the system becomes robustly stable if the bandwidth of DOBb is higher than its
lower bound gg > giower-

Proof: Let us consider the interval inner and outer loop characteristic polynomials case by using

v‘ (87907 Q) =qo + qi1s +...+ Q’nsna (333)

where ¢; = q? + d;q;. The function Z;,;(w) is derived directly from eq. (3.31) as follows:

Zint(w, go) = U&’l’j“) +jvé“(’1’f)°) . (3.34)

The second condition of Theorem 3.5 is re-written as follows:

U (w, go) V (w, go)
“S(w) >y and Tlw) > . (3.35)

Equation (3.35) gives us the robust stability radius of the DOb based control system. It directly shows
that as the bandwidth of DODb increases, the robust stability margin of the system also increases since the

characteristic polynomials of a DOb based control system are as follows:

Vi (8) = D (S) Nn(s)s + Dy, (5) N (S) go,
Vo(s) = D(8)Npys+ Dn(s) N (s)go+ N (s) Ny (s) C(s), (3.36)

where N (s), D (s), Ny and D, denote the uncertain and nominal numerator and denominator
polynomials, respectively. It should be noted here that the conditions 1 and 3 should also be checked to
determine the robust stability.

Let us now consider the affinely linear characteristics polynomial case. The characteristic polynomial

is rewritten as follows:
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!
po (s) + Z qipi (s), (3.37)
i—1

where |¢;| < 1. The function 7 (w) is re-written by using eq. (3.38) as follows:

[Im (po (jw, go) /pr (jw, 90)) | ,
7(w,g0) = max : : , if w# ws,
YT == S 1 Im (po (G, g0) /pk (0, 90)) |
(w,gy) = —Polwg0)l w = w,. (3.38)

= Ipi (jw, g0) |
The second condition of Theorem 3.5 gives the robust stability radius of a DOb based control system.
If the characteristic polynomials of the inner and outer loops, which are given in eq. (3.36), are consid-
ered, then it can be easily seen that as the bandwidth of DODb is increased the function 7 (w), go) increases
as well. Therefore, the stability margin of the system is improved as the bandwidth of DODb is increased.

The stability margin of the system is derived as follows:

min (7 (w) , 7 (ws) , 7 (0), 7 (00)) or,

Zapp(w) = |§3EZ§\' (3.39)

3.4.1 Simulations

Let us consider the uncertain plant model that is given in eq. (3.1) and eq. (3.2). The non-conservative
robust stability analysis result can be obtained by using Theorem 3.4. If it is applied to the uncertain
plant model, then the lower bound on the bandwidth of DODb are derived as 16 rad/s. and 25 rad/s. in the
inner and outer loops, respectively. Consequently, the lower bound is derived as 25 rad/s. to obtain the
robust stability. The Mikhailov plots of the inner and outer loop characteristic polynomials are shown
in Fig. 3-7(a) and Fig. 3-7(b), respectively. If Teorem 3.4 is used for the affinely linear characteristic
polynomials by considering the Kharitonov and Edge theorems, then the lower bounds on the bandwidth
of DOD are derived as 925 rad/s. and 166 rad/s., respectively. Since the former is higher than 700 rad/s.,
the conservative result of the theorem cannot be used in this system. The Mikhailov plots of the inner
and outer loop characteristic polynomials are shown in Fig. 3-7(c) and Fig. 3-7(d), respectively.

The stability margin analysis is obtained by using Theorem 3.6. Fig. 3-8(a) and Fig. 3-8(b) show

the frequency responses of the functions Z;,;(w) and Z,¢s(w) when the characteristic polynomials
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Milkhailov Plot Mikhailov Plot
Imf(s)

(a) Inner-loop interval characteristic polynomial. (b) Outer-loop interval characteristic polynomial.

Mikhailov Plot Mikhailov Plot
Tmis) :

Ralz)

(d) Outer-loop affinely linear characteristic poly-

(c) Inner-loop affinely linear characteristic poly-
nomial.

nomial.

Fig. 3-7: Mikhailov plots of the inner and outer loop characteristic polynomials.

are interval and affinely linear, respectively. The unit square/circle indicates the limit of the robust
stability, and the system becomes robustly stable if the curve of Z;,;(w) / Z,f¢(w) stays out of the unit
square/circle. The minimum distance between the curve of Zj,,;(w) / Z, s f(w) and the unit square/circle
determines the robust stability margin. The red, black, blue, green and cyan curves of Z;¢(w) / Zg 5 (w)
are sketched when the bandwidth of DOb, gg,is 15rad/s., 25rad/s., 30rad/s., 40rad/s., and 60 rad/s. in
Fig. 3-8(a) and 130rad/s., 166rad/s., 180rad/s., 200rad/s., and 300 rad/s. in Fig. 3-8(b). As it can be
directly seen from the figures, as the bandwidth of DOBb is increased, the stability margin of the system

is increased as well.
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L 1 L " 1 " L " 1 " L [ L L 1 L " L 1 o
-8 —4 7 '\: I 2 4 Re(s)

A

(a) Frequency response of Zint(w).

Imi=)

f

-5

~1olL
(b) Frequency response of Z ¢ ¢ (w).

Fig. 3-8: Stability margin analysis of interval and affinely linear characteristic polynomials.

3.5 DODb Design Constraints in the Presence of Unstructured Uncertainty

In this section, design constraints of DOb based robust control systems are derived analytically by
using unstructured uncertainty based analysis methods [45]. Bode integral formula is utilized so that
the robustness constraints are derived for minimum phase and time delay systems [45,59-61]; and

Poisson integral formula is utilized to derive the robustness constraints of systems with right half plane
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(RHP) zero(s) and pole(s) [45,61,62]. It is shown that RHP zero(s) and/or time-delay of a plant limit
the bandwidth of DOb; however, RHP pole(s) of a plant put(s) a lower bound on the bandwidth of
DOb to obtain a good robustness. Besides that increasing the order of DOb improves the performance
of the system by using the bandwidth of DOb more efficiently; however, the bandwidth constraints
become more severe, and the robustness of the system deteriorates. If a DOb is implemented to a non-
minimum phase system, then internal stability problem occurs since inverse of nominal plant model
is required in the design of a DOb. The internal stability problem is solved by using an approximate
minimum phase model of the uncertain non-minimum phase plant. A new performance controller is
proposed to improve the DOb based robust control systems when plants have RHP pole(s). Against the
real parametric uncertainty based analysis, the proposed method includes conservatism. Therefore, it is
not suitable to design a controller. However, the proposed tools provide clear insight into the robustness
characteristics of a DOb based control system.

To analyze the robustness of a DOb based control system, uncertain plant model is defined by using

the output multiplicative unstructured uncertainty as follows:

G(s) =Gp(s)(1+ AW (s))exp (—7s), (3.40)

where G(s) and G,,(s) denote uncertain and nominal plant models, respectively; W (s) denotes multi-
plicative unstructured uncertainty weighting function; and 7 denotes delay time. First order approxima-
tion of the output multiplicative unstructured uncertainty weighting function is used as follows:

Wrls + emi

W(s) = L—", (3.41)

Wy emazs + 1
where e, and e,,,4, denote minimum and maximum modeling errors, respectively; and w7 denotes the
frequency, in which the nominal plant model starts to be a bad indicator for the uncertain plant [4]. It is
assumed that e;,L . < A < 1instead of A < 1 not to add a RHP zero due to uncertainty. The n'" order

LPF of DOb is defined as follows:

90
s) = , 3.42
@ (s) S+ Ggn-18" L+ o+ 15+ 9o G42)

The inner-loop’s open loop, sensitivity and co-sensitivity transfer functions are derived by using

eq. (3.40) and Fig. 3-2 as follows:
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Li(s) = 1?525’) (1+ AW (s))exp (—Ts),

1-Q(s) +Q(s) (L+ AW (s)) exp (—7s)’
Q(s) (1 + AW (s)) exp (—Ts)
1_

Q(s)+Q(s) 1+ AW (s)) exp (=7s)

Let us first consider minimum phase plants.

(3.43)

Lemmal: Let us consider the plant model given in eq. (3.40) and assume that the uncertain plant is
minimum phase and the order of DOb is one. Then, it can be shown that the inner-loop is strictly robust if
A > 0 and its robustness can be guaranteed for a wide range of DOb’s bandwidth if A < 0. However, if
a HODOPD is used instead of DOb and/or the plant includes time delay, then the robustness of inner-loop
cannot be guaranteed for a wide range of DOb’s bandwidth even if A > 0, and the bandwidth of DOb
becomes limited.

Proof: The open loop-transfer function of the inner-loop given in eq. (3.43) can be re-written when a

first order DOD is used in the robust control problem of minimum phase plants as follows:

1+Ae,
S+ Wremas <71 T Ae:::;)

Li (S) = gO (1 + Aemax) s (S + wre )

(3.44)

Equation (3.44) shows that the strict robustness can be achieved when A > 0 since the Nyquist plot
of the inner-loop gets into the unit circle that is shown in Fig. 3-9 if €,,4, > €mq Which contradicts with
the error assumption. Although the Nyquist plot gets inside the unit circle when A < 0 robust stability
can be achieved for a wide range of DOb’ bandwidth.

If a HODOBD is used instead of a DOb, then the robustness cannot be achieved for a wide range of
DOb’s bandwidth even if A > 0. It can be easily shown by using a HODOD in eq. (3.43). In this case,
the robustness of a system can be guaranteed for a limited bandwidth of HODOb. Besides, as shown in
Fig. 3-9, the robustness cannot be guaranteed for a wide range of DOb’s bandwidth if a plant includes
time delay. Hence, the proof of Lemma I is completed.

Although Lemmal gives us a basic insight into the robustness of DODb, further analysis is required for
HODO®b based robust control systems. HODODb can be analyzed by using the Horowitz integral formula
that is given in eq. (3.45).
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Nyaquist Plot

ISGw)l<1

Fig. 3-9: Nyquist plot.

/0 " (log (1S: (ju) ) o (185 (joo) ) dw = " Resucoc (log (S;(s))) . (349

The relative degree of L;(s) is higher than one when a HODOD is used. Therefore, if a HODOD is

considered, then the Horowitz integral formula is simplified as the Bode integral formula by using

/OO log (1S: (juw) |) dw = 0. (3.46)
0

The peak of the sensitivity function, which is defined by sup (|.S;(jw)|), determines the robustness of
control systems. However, eq. (3.46) is not suitable to determine the robustness of HODOD based control
systems due to the infinite integral range. From mathematical point of view, eq. (3.46) can be balanced
with a small peak in a wide frequency range. However, in general, control systems cannot exhibit this
response due to uncertainties, digital control implementations, and so on. Lemma?2 limits the integral of
eq. (3.46) as follows:

Lemma?2: Let us assume that L;(s) satisfies

M
L5 ()] < —y

1
=§< 2 Yw > w,, (3.47)

where M > limg_,o sup |s*T1L;(s)| and k + 1 is the order of DOb. Then S;(s) satisfies

< 3£w . (3.48)

[ o (s Gu) du < 35w,

wp

Proof: Equation (3.47) holds if a HODOD is used. Let us consider the relation by using [63, 64]
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i Lifs) < 5, then [log (1+ Li(s)) | < 5|Li(s)] <

N W

J. (3.49)

DN | =

If eq. (3.47) is put into eq. (3.49), then

/ log (IS: (jw)]) dw| < / llog (Si(jw))| dw
ww U}/y

o0 ) 3 > M 39

'LU—Y w'Y

The robustness constraints of a HODOD is derived by determining the performance and robustness
requirements, a priori. Then, the sensitivity function frequency response is shaped by using the perfor-
mance and robustness requirements. Theorem 3.7 clarifies the bandwidth constraints of a HODOb as
follows:

Theorem 3.7: Let us assume that a minimum phase plant is defined by using eq. (3.40). Let us also
assume that S;(s) satisfies |S;(jw)| < a < 1, Vw < wg < w,. If a DODb is used, then the system has a
good robustness in a wide frequency range, yet its performance is limited by the dynamic characteristics
of the first order DOb. However, if a HODOD is used, then the low-pass-filter of HODOD should satisfy

the following inequalities to obtain a good robustness and predefined performance criterion.

Q (jw)| > W7 Yw < Yw,,

[1-Q(jYw,)]

TrAQWGgw)] = & (3.51)

Supwe[w!;,w,y] 10g(|S’L(Jw)|)+%
SUPy e [wg,wo] 108(]Si (jw)])+Hog(a™)
Poof: Lemma 1 proves the robustness of a DOb. Therefore, HODOb can be considered, directly. Let

where ¢ = in which |L; (jw)| < 6 < £, Vw > w,,.

us re-write eq. (3.46) as follows:

wg Wry 00
/ log (i (juw))dw + / log (i (juw))dw + / log(|S:(jw))dw = 0. (3.52)
0

wp wp

If the sensitivity constraints given in Theorem 3.7 and Lemma 2 are applied into eq. (3.52), then

’LUﬁ w
log(a) dw+  sup log(|S¢(jw)|)/ ’ dw + %ww > 0. (3.53)
0 welwg,wy] ws

Equation (3.53) can also be written as follows:
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. _ w 30 w
sup log(|Si(jw)|) > log(a™) g _ = r (3.54)
WE[wg,w~] W~y — wg 2k Wy —Wg

wg <= SUPwe[wg,w] log (|Si(jw)|) + % (3.55)

wy SUPyefus,w,) 108 (19i(jw)]) +log (™) .

If the sensitivity constraint given in Theorem 3.7 is applied, then
1_ .

| Q (ﬂbw’m < a, Vw < wg < wy. (3.56)

[T+ AQW (jiw,)]

If eq. (3.55) is applied into eq. (3.56), then eq. (3.51) is derived. Hence, the proof of Theorem 3.7 is
completed.

The frequencies wg and w. get closer each other as the order of DODb is increased. Therefore, as
shown in eq. (3.54), the peak of the sensitivity function increases as the order of DOD is increased.

Equation (3.56) shows that as the bandwidth of DODb is increased, o' and wg increase as well.
Therefore, as shown in eq. (3.54), the peak of the sensitivity function increases as the bandwidth of DOb
is increased.

Theorem 3.7 provides a new design tool to obtain a good robustness and predefined performance
criterion that are determined by o and wg. However, it includes conservatism due to the sectionally
constant sensitivity function bound that is defined by |S;(jw)| < o < 1,Vw < wg < wy. It can be
lessened by using more realistic sensitivity function bounds [63,64].

Let us now consider the design constraints when uncertain plant includes time delay. Lemma 3 is used
to bound the integral range of eq. (3.46) as follows:

Lemma 3: Let us assume that L;(s) includes time delay and satisfies

- M R\"
|L; (s)| = |Li (s)exp (—7s)| < Tk €XP (—Rtcos(0)) <§ <]5> , Vsl € S(R), (3.57)

where S (R) = {s: Re(s) > 0 and |s| > R}; M > lim,_,oc sup |s"L (s)
s = Rexp(j0#). Then S; satisfies:

; k is the order of DOb; and

3

\ [ s s <jw>|>dw] <35 (3.58)
R T

Proof: Similar to Lemma 2.
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Hence, the bandwidth constraints of a DOb are derived by using Theorem 3.8 as follows:

Theorem 3.8: Let us assume that a plant is defined by using eq. (3.40) where G,,(s) is a minimum
phase nominal plant model. Let us also assume that S;(s) satisfies |.S;(s)| < a < 1,Vw < wg. Then
the LPF of a DODb should satisfy the following inequalities to obtain a good robustness and predefined

performance criterion.

|Q(jw)| 1-a
1-Q(jw)| Z o<|1+AW(jw)|an < YR,

1-QUYR)]
T QUIRTQUIR (L AW oR) exp(7oR)] = (3.59)

If the order of DOD is one, then

(1-—a)w
90 2 Wva < YR,

a, (3.60)

YR >
7Y R+g0 (1+ AW (jY R)) exp(—jpTR)[ =

SUPyefu g, 7] 108(1Si (Tw))+ 175
SUPye(wg, r) 10g(|Si (jw)])+Hog(a™)
Proof: Similar to Theorem 3.7. Lemma 3 is used instead of Lemma 2.

k
where 1) = in which |L; (s)| < 0 (%) ,V|s| € S(R).

Equation (3.59) and eq. (3.60) provide new design tools for DOb based robust control systems when
uncertain plant includes time-delay. They directly show that the bandwidth of a DODb is limited due to
time delay. However, the proposed design tool also includes conservatism due to the sectionally constant
sensitivity function bound.

To lessen the peak of |.S;(jw)|, the smallest value of R that satisfies Theorem 3.8 should be chosen.

sup (L;(s)) = max { sup (|L;(jw)|), sup (|Li(Rexp(j9))|)} . (3.61)
seS(R) w>R 0<<%

Equation (3.61) shows that Theorem 3.8 holds even if sup,cg(r) (Li(s)) > d, which can be used to
lessen the peak of |S;(jw)|. Consequently, the peak of the sensitivity function can be lessened if the

following inequalities hold.
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WTCmin WT €max t
— > 7, 1%order DOb
w2 + (U)Temin)2 w? + (wTemaJc)2
WTCmi wre
5 Tomin 5~ 3 Tomaz 5 > T+ 91 , Q”dorderDOb,
w? + (wremin)?  w? 4+ (Wremaz) s+ g1
4 2
WL Cmin Wrtmar o o 9192 GW_ardyi0.DOb. (3.62)

w? 4 (Wremin)? Cw? + (wremaz)? 9%102 + (g1 — w2)27
As it is expected from Theorem 3.7, eq. (3.62) shows that as the order of DOD is increased, the peak
of |:S;(jw)| also increases.
Finally, let us consider uncertain plants with right half plane pole(s) and zero(s). Right half plane
zero(s) and pole(s) cause undershoot and overshoot in the step response of the closed loop systems,

respectively. To achieve good performance, bandwidths of control systems are limited as follows [63,

64]:

2.1991z5m p

- IOg (1 o yundifshoot)
2-1991pRHP
B Z )
10% (10 (yovershoot - 09))

(3.63)

wp

w (3.64)

where wp denote the bandwidth of closed loop system; zrpp and prgp denote right half plane zero
and pole, respectively; Yundershoot a0d Yovershoor denote the infimum and supremum of the step response,
respectively. To derive the design constraints of a DOb, Poisson integral formula is used. It can be stated
as follows:

Theorem 3.9. Poisson Integral Formulas: Assume that an open loop transfer function L(s) has a right
half plane zero/pole at zgrgp = 0, + jw,/Prup = 0p + jw,. Let S(s)/T(s) be the sensitivity/co-
sensitivity transfer function defined by %L(s) / % Then, it can be shown that the sensitivity/co-

sensitivity transfer function satisfies:

> . Oz _
[ os 1 Gl P = o (55" ) (3:65)
| 1087 ) g dw = mlog (B7 (o). (3.66)
—00 o3+ (wp — w)

where L(s) = L(s)Bg' Br(s); L(s) is a minimum phase transfer function; Hle ((pi —s)/ (D; + 9));
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and H§:1 ((z: — s) / (Zi + s)) are Blaschke products [63,64]. It is clear from eq. (3.65) and eq. (3.66)

Ox
T (we—w)?

Let us first consider plant with RHP zero(s). To solve the internal stability problem, approximate

that Poisson integrals’ ranges are bounded by W),; (w) =

nominal plant model should be used in the design of DOD. It can be defined as follows:

G(s)=Gp(s)(L+AW (s)) = Gn () Terr (s) (L + AW (s)), (3.67)

where Gn (s) denotes the approximate nominal plant model that has stable inverse; and 7¢;,. (s) =

Gn (s) G (s) [65]. Then, the open loop transfer functions of inner and outer loops are derived as

follows:
Lo = 0 AW ()09 569
Lo (s) C(s) G (s) (3.69)

T 1= Q(8) +rerr (5) (1 + AW (5)) Q (5)

The design constraints of a DOb based robust control system are derived by using Theorem 3.10 as
follows:

Theorem 3.10: Let us assume that a plant, which has a right half plane zero at zrpgp, is defined by
using eq. (3.40) when 7 = 0 and S;(s) and T;(s) are the sensitivity and co-sensitivity transfer functions
of the inner-loop, respectively. Let us also assume that the frequency responses of the sensitivity and co-
sensitivity functions satisfy |S;(jw)| < ag,Vw < wg and |T;(jw)| < o, Vw > w,. Then, the LPF of
a DODb should satisfy the following constraints to obtain a good robustness and predefined performance

criteria.

Q (jw)] 1 - ag
T QGu)| = aplrer Gw) (1 + AW Ga))] " < ZRAPYL

11— Q (jzrupi1)]

11— Q (jzrupY1) + TerrQ (Jzruptr) (1 + AW (jzrupir)) > ag, (3.70)
rerr@ (jw) (1 4+ AW (jw))| . ay
11— Q (jw)| < 1_%’Vw>ZRHP¢2,
[Terr @ (F2rEPY2) (1 + AW (j2RHPY2))] - 5

11— Q (jzrapPY2) + TerrQ (J2rREPY2) (1 + AW (j2RHPY?))

log(1+any ) (mr—29(wy))+2 10g<maxwﬁgwgw—y (\S,-(jw)|))19(w»y)
2 (log (maxu,y <w<uw, (15 (w)) ) +log (a5 1))

where 1) = tan(
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mlog(|Bg ' (zrup)|) )
2(log(maxwﬁgwng(\Si(jw)\)>+log(agl)) ’
lOg((1+a,\/)_1)ﬂ'+2 (log(maxwﬁgwgw,y (\Sz(jw)|)) +10g(a§1))19(w5)
2 (1log (maxu, <uw<ury (1i (j0))) ) Hog((1+a) ) )
mlog(|Bg ' (zrup)|) )
2(log(maxwﬁgwng(\Si(jw)\)>+log(agl)) ’

_ We o We ZRHP _ We
and ¥ (w,) = [ * Wpdw = [, PR dw = arctan <ZRHP>.

19 = tan(

Proof: If |T;(jw)| < oy, Yw > w,, then |S;(jw)| < 1+ ay, Yw > w,. If the sensitivity constraints

are applied into eq. (3.65), then

—wWey o0 wg

W, (w) dw) + log () Wy, (w) dw

—wg

log (1 + a) ( Wy, (w) dw+/

—oo Wry

Wy

#og (, max (s ) ( T Wydw+

—wey wg

Wpdw> > nlog (Bg'(zrup)).  (3.72)

It can be re-written as follows:

20(wg)
(O (wy) = I(wp)))

) +|Bs" (zrup)|

10g< max (|Sz(.7w)|)> > log <a51> 9

wg SwSwey
T — 20(ws)
(wy) = I(wp)

—1
+ log ((1 + an) ) 20 2 (9(wy) — Vwp)))’

log (14 a) (7 — 20 (w,) + 2log (maxu, <wsw, (|Si(w))) @ (w,)
2 (]og (maxy,; <w<w, (|Si(jw)])) + log (O‘El))
- mlog (|Bs' (zrmp)|)
2 (log (maxwﬁgwsw (‘Sz(ﬂl’m) + log <O‘EI)) |

WV (wp) <

(3.74)

log (14 a,) ") 7+ 2 (log (a3") +log (maxu,<usuw, (1Si(jw))) ) (ws))
2 (log (maxu, <w<w, (1Si(jw)])) +1log (1 + ay)71)))
mlog (‘B;l(zRHp)D
2 (1og (maxu,<wsu, (15 () +log (a5'))

U (wy) >

n (3.75)

where eq. (3.74) and eq. (3.75) are the functions of 1 and ¥, given in Theorem 3.10. If the sensitivity
and co-sensitivity transfer functions are derived by using eq. (3.68), and the constraints given in Theorem

3.10 are applied, then
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1-Q(s)
1= 005) + e (3) (L + AW (8)) Q(s) | = 270 S W (3.76)
Terr(s) (1 + AW(S)) Q(s)
1= 0(s) + rern(5) (14 AW (5)) Qs | = 070 = Wy (3.77)

If eq. (3.74) and eq. (3.75) are applied into eq. (3.76) and eq. (3.77), then eq. (3.71) and eq. (3.72) are
derived. Hence, the proof of Theorem 3.10 is completed.

Equation (3.71) and eq. (3.72) are new design constraints for a DOb based robust control system
when an uncertain plant includes RHP zero(s). They show that the bandwidth of a DODb is limited by the
RHP zero(s). However, Theorem 3.10 also suffers from the conservatism due to the unrealistic bounds
of sensitivity and co-sensitivity transfer functions. In Theorem 3.10, the performance of robust control
system is controlled by shaping the co-sensitivity transfer function at high frequencies.

The minimum phase approximation of a non-minimum phase system is derived by using Genetic
Algorithm (GA) as follows:

Let us assume that a non-minimum phase system is defined by using

(3.78)

where N (s) and D(s) denote numerator and denominator, respectively. Let us also assume that the order
of N(s) and D(s) are n and d < n, in which | < n is the number of right half plane zeros. An error

polynomial is defined as follows:

e(s) = N(s)A(s) — B(s), (3.79)

where A(s) and B(s) are polynomials that have left half plane zeros. Let us assume that the order of
A(s) and B(s) are m and m + n, respectively. If e(s) is minimized, then N (s) is defined by using a

non-casual minimum phase transfer function by using

B(s)
A(s)’

The optimization problem of e(s) is defined by using a quadratic integral performance index as fol-

N(s) =

(3.80)

lows:
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Sabizing outer —loop

Performance Inner —loop
Controller d y( S)
e (s0mlc.(s) »é)—»* —1 G(s)

DOb

Fig. 3-10: Block diagram of a DOb based robust control system when uncertain plant is unstable.

' min(Re(zrup)) ) 9 . 2
ain: [ Dhamplw)]eG0)F + Appase(w) arg(e(j0)))?} du,

ot {A(s), B(s) and s + grepr(s) are Hurwitz polynomials}

—m <arg(e(jw)) < (3-81)

where A\gpmp(w) and Appqse(w) are weighting functions of magnitude and phase errors. The minimization
range is bounded by 0 < w < min(Re(zrmp)), since Theorem 3.10 shows that the bandwidth of DOb
is limited by (Re(zrmp)).

However, it is very hard to solve the defined optimization problem analytically. Although some analyt-
ical results are proposed in the literature, they can’t satisfy the optimality in the desired frequency range
[66]. Minimizing the optimization problem is not a straight forward task due to the nature of the per-
formance index and constraints. An efficient search algorithm is needed to determine the coefficients of
the polynomials of A(s) and B(s). Genetic Algorithm (GA), which is a particular class of evolutionary
algorithms, is chosen as a search algorithm. GA avoids the local minima and finds the global minimum
of the optimization problem using techniques inspired by natural evolution like mutation, selection, and
crossover [67,68].

Against the conventional design of DOb based robust control systems, if a DOb is applied into the
robust control problem of an unstable plant, then the outer-loop controller should be designed to satisfy
the stability instead of performance. The inner-loop is always unstable when the uncertain plant has RHP
pole(s). A new performance controller is proposed to improve the performance of robust control system

as shown in Fig. 3-10. Design constraints of a DODb is derived by using Theorem 3.11 as follows:
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Theorem 3.11: Let us assume that a plant which has a RHP pole at pr g p is defined by using eq. (3.40)
when 7 = 0. Let us also assume that the nominal plant can be stabilized by using the stabilizing
outer loop controller Cs(s), and the co-sensitivity transfer function of the outer loop, T5(s), satisfies
|T,(s)] < @, Vw > w,. Then, the LPF of DOb should satisfy the following constraint to obtain a good

robustness and predefined performance criterion.

1+ AQUW)IW (juw))| =~ Cs(ju) G|, Yoo > pripv, (:82)

where 1 = tan (ﬂ(log(a—l)+log(|B;1<pRHp>y))) |

2(log(a=1)+log(||Toll )
Proof: Similar to Theorem 3.10.

Equation (3.82) provides a new design tool for DOb based robust control systems when the uncertain
plant includes RHP pole(s). It shows that the bandwidth of DOb has a lower bound to obtain good

robustness when the plant is unstable. Theorem 3.11 also suffers from the conservatism.

3.5.1 Simulations

In the simulations, four case studies are carried out to show the validity of the proposed design con-

straints of DOb. Let us first consider a minimum phase plant by using

s+5

@O =g re

G (s) = Gy (s) (1+ AWs (s)), (3.83)

where Wy (s) = 585;“510000; and —0.2 < A < 1. To achieve the robust stability in the inner-loop, the band-
width of DODb should be smaller than 100 rad/s.. Fig. 3-11 shows that as the order of DODb is increased,
the bandwidth of DODb is used more efficiently and noise suppression is improved. However, as shown
in Theorem 3.7, the robustness deteriorates and the bandwidth constraints of DOb become more severe.
The robustness and performance of a DOb based control system are improved as follows:

The design parameters &, and sup e/, .1 108 (|Si(jw)|) should be determined by considering the
robustness and performance requirements. The order of DOb determines ¢ that is directly related to the
slope of L;(s). Let us assume that a second order DODb is used and the design parameters are set as

o = 0.1 and supyey;,w,) 10g (|Si(jw)|) = /2. Then § = 0.4 satisfies for Yw > 100rad/s.. Hence, the

performance and robustness constraints are derived from Theorem 3.7 as follows:

wg = 46rad/s. and Bandwidth < 100rad/s., (3.84)
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(a) Co-sensitivity function frequency responses.
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(b) Sensitivity function frequency responses.

Fig. 3-11: Frequency responses of the inner-loop sensitivity and co-sensitivity transfer functions when
the bandwidth of DODb is 100 rad/s..
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Fig. 3-12 shows the frequency responses of the inner-loop sensitivity and co-sensitivity transfer func-
tions when a second order DOb is designed by using different bandwidth values. The performance and
robustness constraints, which are different from eq. (3.84) due to conservatism, are obtained directly

from Fig. 3-12 as follows:

wg = 15rad/s. and Bandwidth < 65rad/s.. (3.85)

_ 0.7075+30

The weighting function of the sensitivity transfer function is Wp (s) )

Let us now consider the DOb constraints when uncertain plant includes time delay. The uncertain

plant model is described as follows:

s+ 10

Gols) = 21270
n(s) 52 4+ 5s+ 10

where W (s) = isiggl(?. The bandwidth constraint of DODb is derived by using Theorem 3.8 as follows:

and G(s) = Gp(s) (1 + AWg(s)) exp(—0.01s), (3.86)

The design parameters o and Sup,,e(uy ., 10g (|Si(jw)|) should be determined by considering the
robustness and performance requirements. Besides, J and R, which depend on the order of DOb,
should be determined. Let us assume that the order of DOD is one and the design parameters are set
as SUPyewgy,w,] 108 ([Si(jw)]) = V2 and o = 0.1 . If § is chosen as 0.1, then R ~ B,0 ' =
10B,,, in which B,, denotes the bandwidth of DOb. If Theorem 3.8 is used, then it is drived that
SUPyefuwgs,w,) 108 (|Si(Jw)]) = /2 satisfies for a wide range of bandwidth. If a second order DOb is
used, then SUp ey, w,)108 (|Si(jw)]) = V/2 satisfies for B,, < 500rad/s.. Fig. 3-13 shows the fre-
quency responses of the inner-loop’s sensitivity and co-sensitivity transfer functions. The bandwidth
constraint is derived as B,, < 70rad/s. from Fig. 3-13. The difference between the bandwidth con-

straints is due to the conservatism of Theorem 3.8. The weighting function of the sensitivity transfer

_ 0.7075+30

function is Wp (s) i)

Let us now consider the design constraints of DOb for plants with right half plane zero(s). The model

of the plant is as follows:

—s+450
where Wg(s) = % and Gy = @ +§5?ng$§2 - 10) [65]. The bandwidth constraint of DOD is

derived by using Theorem 3.10 as follows:
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(b) Sensitivity function frequency responses.

Fig. 3-12: Frequency responses of the inner-loop sensitivity and co-sensitivity transfer functions when a
274 order DO is used.
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(b) Sensitivity function frequency responses.

Fig. 3-13: Frequency responses of the inner-loop sensitivity and co-sensitivity transfer functions when a
15t order DODb is used and uncertain plant includes time delay.
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It is assumed that ag = 0.5, ay = 0.2,

Silloo = 2 and wy, = 2B,,. If Theorem 3.10 is applied by

using the defined performance and robustness constraints, then

6 < By, < 55, and ws < 35radls., (3.88)

are derived. Fig. 3-14 shows the frequency responses of the inner-loop sensitivity and co-sensitivity
transfer functions when a first order DODb is used. The performance and bandwidth constraints, which

are different from eq. (3.88) due to conservatism, are obtained directly from Fig. 3-14 as follows:

12 < By, <24, and wg < 15rad/s.. (3.89)

. . . e . . . 16
The weighting function of the sensitivity transfer function is Wp (s) = 0.5550.

Finally, let us consider the design constraints when uncertain plant has a RHP pole. The uncertain

plant model is defined as follows:

_
s(s—5)

where Wg(s) = ng%%o. Because a DOD is implemented in the inner-loop, the outer loop controller, in

Gn(s) = and G(s) = Gp(s) (1 4+ AWs(s)), (3.90)

which Cg(s) = 125420, is designed to satisfy the stability by considering only the nominal plant model.
The frequency responses of the outer-loop sensitivity and co-sensitivity transfer functions are shown in
Fig. 3-15 when a second order DODb is used. It clearly shows that the robustness of the system improves
as the bandwidth of DOD is increased. The lower bound on the bandwidth of DOb can be derived by
using Theorem 3.11 similarly; however, it also includes conservatism.

Fig. 3-16(a) shows the performance improvement of the controller, C'p(s), which is designed as

Cp(s) = fsfloo- Fig. 3-16(b) shows the step responses for different external disturbances. As it can
be seen from the figure, DOb cannot estimate high frequency disturbances precisely, so the robustness of
the system deteriorates. There is a trade-off between the robustness and noise response to determine the
bandwidth of a DOb.

Simulation results show that the proposed method suffers by the conservatism, significantly. The
source of the conservatism is shown in Fig. 3-17. In this figure, the gray areas are determined by the
sectionally constant sensitivity bounds, and the black areas denote the errors which cannot be considered

in the robustness analysis. It clearly shows that there is a significant difference between the areas, which

are bounded by the real sensitivity function and its approximate bound.
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(b) Sensitivity function frequency responses.

Fig. 3-14: Frequency responses of the inner-loop sensitivity and co-sensitivity transfer functions when a
15t order DODb is used and uncertain plant has a RHP zero.
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(b) Sensitivity function frequency responses.

Fig. 3-15: Frequency responses of the inner-loop sensitivity and co-sensitivity transfer functions when a
274 order DOD is used and uncertain plant has a right half plane pole.
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Fig. 3-16: Step responses of the uncertain plant when a DOb is implemented.
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sup . (|5 (w)]).

supg, (|S(jw)]) |-ermememeebnnnans
1
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Fig. 3-17: General frequency response of a sensitivity function.

Let us again consider the plant with time-delay case, which has the most severe conservative results,
to obtain more accurate bandwidth constraint by decreasing the conservatism. If the nominal plant model

with time delay is considered, then the sensitivity function frequency response is derived as follows:

w2

|S; (jw)|* = 3.91)

w? — 2gow sin (wr) + g3’
where g is the bandwidth of the first order DOb; and 7 is time delay. The frequencies of w; and wy

given in Fig. 3-17 are derived approximately as follows:

\/37 — 1.73205/72 (3 — g7)

w1 3 )
T
\/37' +1.73205/72 (3 — g7)
wy = - . (3.92)
T

The conservatism can be decreased by using w; and ws instead of R. If the sectionally constant
sensitivity bound is used with w; and wo, then the bandwidth constraint of DOb, which is obtained as
70rad/s. from sensitivity function frequency responses, is derived as 95 rad/s.. Hence, the conservatism

can be lessened by considering more realistic sensitivity bounds.
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3.6 Summary

In this chapter, the robustness of DOb based control systems is analyzed by using different robust
control methods, in detail. Firstly, the conventional analysis method, which depends on the Small Gain
theorem, is explained briefly. The robustness of a DOb based control system can be easily analyzed by
using the conventional analysis method. However, it limits the bandwidth due to conservatism and does
not provide a clear insight into the robustness characteristics of a DOb. The conservatism can be lessened
by using the SSV in the presence of structured uncertainties. However, the conservatism cannot be
removed due to the discontinuity problem of the real SSV. Although the SSV can be easily implemented
to DOD based control systems by using the toolboxes of Matlab, the robustness characteristics of a DOb
cannot be clarified. A new analysis method is proposed for DOb based control systems by using the
real parametric uncertainty based robust control methods. To clarify the robustness characteristics of
DOb, it is assumed that a minimum phase plant that has real parametric uncertainties is controlled by
using a first order DODb. It is shown that the robust stability of the DOb based control system is achieved
if the bandwidth of DOD is higher than its lower bound and the stability margin is improved as the
bandwidth of DODb is increased. The main disadvantage of the proposed method is the strict restrictions
on the dynamics of the plant and DOb. To derive the general design constraints of a DOb based control
system, a new unstructured uncertainty based analysis method is proposed. Bode and Poisson integral
theorems are utilized so that the design constraints of DODb are derived analytically for a wide range of
application area. The proposed method also includes conservatism. However, it is not a severe problem,
since it clarifies the robustness characteristics of DOb based control systems, qualitatively. Besides,
the conservatism can be lessened by using more realistic sensitivity function bounds, yet it increases the
computational complexity. I believe that the proposed method is very useful to understand the robustness

characteristics of a DOb based control systems.
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Chapter 4

Disturbance Observer Based Robust
Motion Control Systems

4.1 Introduction

In this chapter, the stability, performance, and robustness of DOb based motion control systems, i.e.,
position and force control systems, will be analyzed in detail [69,70]. Three decades before, DOb was
proposed by Ohnishi et al. to improve the performance of motion control systems in the first IPEC con-
ference [32]. After that it has been widely used in several motion control applications, such as robotics,
industrial automation, automaotive, etc., due to its simplicity and efficiency [40,71-78]. DOb estimates
external disturbances and plant uncertainties, such as gravity, friction, inertia variations, etc., in motion
control systems. It provides the robustness of motion control systems in the inner-loop as shown in the
previous chapters. Since a DOb suppresses disturbances in the inner-loop, high performance accelera-
tion based controllers (ABC) can be designed in the outer loop [36,70,79,80]. In ABC, performance
goals, e.g., position, force, or admittance control goals, are defined uniformly in the acceleration domain
[36,80,81].

Although several applications of DOb based motion control systems have long been realized in the
literature successfully, DODb suffers from insufficient analysis and design control methods [70,82]. The
low pass filter (LPF) of DOb, nominal inertia, and torque coefficient are the fundamental design param-
eters of a DOb based robust motion control system. It is a well known fact that the higher the bandwidth
of DOD is, the better the disturbance suppression improves. However, so far, the relation between the

bandwidth of DOb and nominal inertia and torque coefficient has not been considered in detail. In section
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4.2, the design constraints of DOb and nominal plant parameters are derived analytically by considering
the practical constraints of DOb based motion control systems. It is shown that the bandwidth of a DOb
and nominal inertia have upper bounds to improve the robustness of DOb due to imperfect velocity es-
timation in practice. Besides that a DOb can be designed as a phase lead-lag compensator by adjusting
the nominal inertia and torque coefficient. The stability of a DOb based motion control system can be
improved by increasing / decreasing the nominal inertia / torque coefficient [70]. However, as shown in
Chapter 3, nominal plant parameters are bounded by the robustness constraints in practice. Therefore,
there is a trade-off between the stability and robustness, in which it is adjusted by nominal plant param-
eters, in the design of a DOb based motion control system. In section 4.3, DOb based robust position
control systems are analyzed. It is shown that the stability of the DOb based robust position control
systems is improved as the nominal inertia is increased in the design of DOb. The robustness of position
control systems is clarified by deriving the sensitivity function. It is shown that the robustness of the po-
sition control systems is improved by the outer-loop performance controller. In section 4.4, DOb based
explicit robust force control systems are analyzed. It is shown that there is a strict relationship between
the stability and robustness in the explicit force control systems. The performance and stability are im-
proved if the robustness of an explicit force control system is achieved. The robustness of a DOb based
explicit force control system is clarified by proposing new sensitivity functions. Implicit and explicit
contact force estimation methods are considered by using a force sensor and a reaction force observer
(RFODb), respectively. It is shown that the explicit force control systems are improved intrinsically by
using the explicit force estimation method, i.e., RFOb. Dynamic model of a force sensor is obtained by
using two mass resonant system, and novel stability and robustness analysis methods are proposed. In
general, an RFODb based robust force control system is considered as a feed-forward control structure,
so only performance analysis has been performed so far. However, it is not true, and an RFODb has a
feed-back control structure. Therefore, not only the performance but also the stability of an RFOb based
robust force control system changes significantly by the design parameters of a DOb and an RFOb. A
novel stability analysis method is proposed for RFOb based robust force control systems and practical
design constraints are derived. By using the proposed analysis methods, a novel adaptive RFOb design

method is proposed in section 4.5. The chapter ends with summaries given in section 4.6.
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4.2 Disturbance Observer Based Robust Motion Control Systems

A block diagram of a DOb based robust motion control system is shown in Fig. 4-1. In this figure, the

following apply:
Jmn and J,,
K, and K,
L, 19¢% and I

Qmstsand Gm

des

m

*noise

4m

9dDOob

load
Tm

rc
.

wnt
Tm

T ng“d + TTJ:Z"C + T:;?t

m =

dis ~dis
7% and 7]

m

nominal and uncertain inertias/masses, respectively;
nominal and uncertain torque/force coefficients, respectively;
total, desired and compensate motor currents, respectively;
angle/position, velocity and acceleration, respectively;
desired acceleration;

noise of velocity measurement;

cut-off frequency of DODb;

loading torque/force;

friction torque/force;

interactive torque/force such as Coriolis;

total external disturbance;

total disturbance and its estimation, respectively;

Henceforth, torque and force are used interchangeably in this chapter. A DODb estimates external

disturbances and plant uncertainties, such as gravity, friction, inertia variation, etc., in the inner-loop.

The robustness of motion control system is achieved by feeding-back the estimated disturbances, 7%, as

sdes

O[T

~dis
U +
r ‘er gDOB

Fig. 4-1: Block diagram of a DOb based robust motion control system.
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shown in Fig. 4-1. Dynamic equations of a DOb based motion control system are derived directly from

Fig. 4-1 as follows:

Kol — JonGm = Tgfs = qu + AJQO - AKTIWH 4.1
T = oo T 42)

where AJ,, = Jm — Jmn; and AK, = K, — K, denote inertia and torque coefficient variations,
respectively. Equation (4.2) shows that a disturbance can be estimated / suppressed accurately if it stays
within the bandwidth of DOb. A DOb based robust motion control system has a multi input single output

(MISO) control structure. Its transfer function is derived from Fig. 4-1 as follows:

5+9pob .ges 1 pow d DOb -noise
dm = aS ¥ Qgpob m J Tsen (S) Tm — Tcosen (‘9) Sqm ) (43)
m
DOb _ 1 DOb _ _Lpow(s) EFE PO
where 127" (s) = oo A Teosen (s) = TT ooy (s) are the sensitivity and co-sensitivity transfer
functions, respectively, in which Lpop(s) = a%; and a = %

Although Fig. 4-1 is used in the conventional analysis of DOb based motion control systems, in reality,

it is impractical. It is a well known fact that a DOb requires precise velocity measurement. Equation (4.3)

noise

shows that the derivative of the noise of velocity measurement, g,

, gets transferred into the output by
TDOb

cosen*

Therefore, in general, velocity is estimated by using a LPF, and precise velocity measurement is
achieved in a predetermined bandwidth. Practical block diagram of a DOb based motion control system
is shown in Fig. 4-2.

In Fig. 4-2, g, denotes the cut-off frequency of velocity measurement. Transfer function of a practical

DOb based motion control system is derived similarly as follows:

s+ s+ 1 ;
( gv)( 9DOb) ..ges - TDOb (S) TgL o TDOb (8) Sq%ozse7 (4.4)

m = Q

s*+ gvs + agugposr  Im " cosen
where T20b (5) = m and TP (5) = % are sensitivity and co-sensitivity transfer
functions, respectively, in which Lpop(s) = « gz’ffgms.

Equation (4.3) and eq. (4.4) show that a DODb can be designed as a phase-lead lag compensator that is
adjusted by a. If o > 1, then a DOb works as a phase lead compensator. The stability and performance
of the motion control systems are improved by increasing phase lead, i.e., a;; however, the upper bound

of « has not been derived yet.

62—



CHAPTER 4 DISTURBANCE OBSERVER BASED ROBUST MOTION CONTROL SYSTEMS

d
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S+ Jpop
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Fig. 4-2: Block diagram of a DOb based robust motion control system when a low pass filer is used in

velocity measurement.

Although the structures of eq. (4.3) and eq. (4.4) are quite similar, the robustness of a DOb based
motion control system changes significantly when velocity is estimated by using a LPF. The sensitivity
and co-sensitivity transfer functions, i.e., disturbance and noise responses, of a DOb based motion control
system are shown in eq. (4.3) and eq. (4.4). The relative degree of Lpop(s) is one and two when g, is

infinite and finite, respectively. In Chapter 3, Bode integral theorem shows that if the relative degree of
TDOb

sen

cannot be shaped freely; the peak of T.29% at high frequencies

Lpoy(s) is higher than one, then
increases as the sensitivity reduction at low frequencies is increased. Therefore, as shown in eq. (4.4), «
and gpoyp cannot be increased freely due to the robustness constraint. A simple robustness constraint can

be derived analytically as follows:
TDOb / TDOb

Let us consider the characteristic polynomial of T Cosem

and apply g, = kgpos- Then, the

characteristic polynomial of the robust motion control system is as follows:
P (s) = s2 4+ Kgpops + omg%Ob. 4.5)

The natural frequency and damping coefficient of eq. (4.5) are derived as follows:

wp, = vVakgpoy and £ = 0.5V a1k, (4.6)
To improve the robustness of a DOb, i.e., to suppress the peak of T29%/TD% if it is assumed that

€ > 0.707, then

agpor < %” 4.7)
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Fig. 4-3: Frequency responses of the inner-loop sensitivity and co-sensitivity transfer functions.

Equation (4.7) is a new practical design constraint for the DOb based robust motion control systems.
It shows that a and gpop are limited by the robustness constraint of DOb when imperfect velocity
measurement is considered. The robustness of a DOb can be improved by increasing the lower constraint
of &; however, the upper bound of o and gpop become more severe, i.e, the stability and performance
deteriorate. Consequently, there is a trade-off between the robustness, stability, and performance in DOb
based motion control systems.

The robustness constraint of a DOb based motion control system is shown in Fig. 4-3. It is clear from
the figure that not only the stability, but also the robustness improves as « and gpoy are increased when
perfect velocity measurement is achieved, i.e., g, is infinite. However, imperfect velocity measurement
changes the sensitivity and co-sensitivity transfer function frequency responses at high frequencies, i.e.,
the robustness of the DOb based motion control systems, significantly. It is clear from the analysis that
not only the performance, but also the stability and robustness of a DOb based motion control system

can be improved by using perfect velocity measurement though it is not practical.
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Fig. 4-4: Block diagram of a DOb based robust position control system.
4.3 Disturbance Observer Based Robust Position Control Systems

A block diagram of a DOb based robust position control system is shown in Fig. 4-4. In this figure,
qﬁff and ijf,ff denote angle/position and acceleration reference inputs, respectively; and Kp and Kp
denote derivative and proportional gains of the outer-loop acceleration controller, respectively. The other
parameters are same as defined earlier. In the robust position control, a DOb provides robustness in the
inner-loop and performance goals are achieved by using an ABC controller in the outer-loop.

The transfer functions between G, ! and Gm are derived from Fig. 4-4 as follows:

Gm a(s + gpow)(s* + Kps + Kp)
ef - 2 Y (48)
e s%(s + agpow) + a(s + agpos)(Kps + Kp)
when g, is infinite; and
Gm a(s + gv) (s + gpow)(s® + Kps + Kp) 49)

qrel  s2(s% + gus + agugpos) + ala + gu)(s + agpoy) (Kps + Kp)’
when g, is finite.
Let us consider eq. (4.8). If the stability analysis of the position control system is performed, for

instance Routh-Hurwitzh theorem can be used, then

K K K?
o' <1+ gpop T2 + —— D

-D (4.10)
Kp  gpo» Kp

is derived as the stability criterion [1,83]. Equation (4.10) shows that the stability of the robust position
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control system is improved by increasing « and gpop. However, as shown in eq. (4.7), agpop cannot be
increased freely due to the robustness constraint in practice.

Although, in general, it is assumed that the robustness and performance of a DOb based motion control
system are adjusted in the inner and outer loops, independently, it is not true. The robustness of a DOb
based position control system depends on the DOb as well as the outer loop performance controller. It
can be clarified by deriving the sensitivity and co-sensitivity transfer functions of a DOb based robust

position control system as follows:

1
A — 4.11
Lpc(s)
PC pPC
= 4.12

cosen 1 + LPC(S)’ ( )

where
2 K K
when g,, is infinite; and
2 K K

53 (s+ gp)
when g, is finite.

As it is expected, eq. (4.11) and eq. (4.12) show that the robustness of the position control system is
improved by the outer loop PD controller. Although the robustness of the position control system can
be improved by increasing the outer loop control gain when agpop > 0.5g,, the robustness of inner-
loop becomes sensitive to disturbances at high frequencies such as noise. Besides, increasing outer-loop
controller gain has several disadvantages and limitations such as energy consumption, vibration due to

attracting high frequency dynamics, saturation, and so on.

4.3.1 Simulations and Experiment

In this section, simulation and experimental results are given for DOb based robust position control
systems. Table 4.1 shows the parameters of the simulations.

Let us start by considering the robustness of a DOb based position control system. Fig. 4-5 shows
TDOb

cosen

TPC

the inner and outer loops’ co-sensitivity function frequency responses, i.e., and T ., when a

PD controller is implemented to achieve position control goals. As shown in Fig. 4-5(a), the frequency
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Table 4.1: Simulation parameters of the robust position control system.

Variables | Definition of variables Value
Jmn Nominal mass 0.10 kg
K, Nominal torque coefficient | 5.0 N/A
Kp Position feedback gain 900
Kp Velocity feedback gain 200

Table 4.2: Experiment parameters of the robust position control system.

Variables Definition of variables Value
Jmn Nominal mass 0.62 kg
K., Nominal torque coefficient 33.0 N/A
Kp Position feedback gain 1200
Kp Velocity feedback gain 90

Jv Cut-off frequency of velocity measurement | 1000 rad/s.
9Dob Cut-off frequency of DOb 250 rad/s.

responses of nggg change significantly at high frequencies as o and/or gpoyp are increased when g, is

finite. Against the ideal velocity measurement case, agpop cannot be increased freely due to the robust-
ness constraint when practical velocity measurement is considered. However, the outer-loop position
controller improves the robustness of the position control system as shown in Fig. 4-5(b). Although the
robustness of the outer-loop is improved by the performance controller, a DOb becomes more sensitive
at high frequencies in the inner-loop as agpoy 1s increased.

Let us now consider the stability of a DOb based robust position control system. The root-locus of
the robust position control system, which is shown in Fig. 4-6, is plotted with respect to a when g, is
500rad/s.. It shows that the stability of the robust position control system improves as « is increased.
However, it is limited by the robustness constraint of a DODb, so there is a trade-off between the stability
of the position control system and the robustness of a DOb.

A linear DC motor, which is shown in Fig. 4-7, is used to show the validity of the analysis in the
experiments. Specifications of the experimental setup is shown in Table 4.2.

Fig. 4-8 shows the position control response of the linear DC motor when a DOb is implemented. In
the experiment, a sinusoidal reference input is applied between 1 and 10 seconds, and the position control
responses are observed by changing the nominal inertia in the design of a DOD. Initially «v is setas o > 1

and the stability of the robust position control system is improved. Even if the robustness constraint of
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Fig. 4-5: Inner and outer loops’ co-sensitivity functions frequency responses.

DOb is not satisfied, the outer loop controller improves the robustness of the position control system. As
a is decreased, the stability of the position control system deteriorates, and the position control response

starts to oscillate as shown in Fig. 4-8.
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Fig. 4-6: Root locus of the robust position control system with respect to a.

Fig. 4-7: Linear DC motor.
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Fig. 4-8: Robust position control response of the linear DC motor when DODb is used.
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Fig. 4-9: Block diagram of a conventional explicit force control system.
4.4 Disturbance Observer Based Robust Force Control Systems

In this section, DOb based explicit robust force control systems are analyzed in detail. The stability
of contact motion and low performance are the main challenging issues of explicit force control systems
[84-86]. This section shows that not only the performance, but also the stability of an explicit force
control system is improved by using robust force control methods [87].

Force control goals can be achieved asymptotically by using an open loop controller if external distur-
bances, such as gravity and friction, are ignored. However, in practice, an explicit force control system
becomes very sensitive to external disturbances and environmental impedance variations when open loop
controllers are used [36]. Conventionally, external disturbances are canceled by using model based con-
trol methods such as feed-back linearization, and environmental impedance variations are controlled by
using a force control feed-back loop [88]. However, it is a well-known fact that modeling errors of ex-
ternal disturbances degrade the performance of an explicit force control system. Besides, environmental
impedance variations cannot be controlled directly in a force control feed-back loop due to the natural
reactive feed-back loop that is shown in Fig. 4-9. It can be explained as follows:

Natural frequency and damping coefficient of an explicit force control system are derived from Fig. 4-
9 as follows:

Kenw b + (1 + Cf) Dy

d€ =
T T S T O Ko

wn = /(14 Cy) : (4.15)

when R is on; and
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K, b CyD
w,, = Cf envandg_ m + CrDeny

Jm B 2\/ JmeKem)’

(4.16)

when R is off.

In Fig. 4-9, R denotes a fictitious robust control switch. External disturbances and the natural reactive
feed-back loop are canceled, i.e., the robustness of the explicit force control system is achieved, when
R is off. Equation (4.15) and eq. (4.16) show that an explicit force control system is more sensitive to
environmental impedance variations when it is influenced by the natural reactive feed-back loop. As
the stiffness of environmental impedance, K., increases, the stability deteriorates even if a low force
control gain is used. However, as shown in eq. (4.16), environmental stiffness can be controlled directly
when the natural reactive feed-back loop is canceled. Therefore, the fictitious robust control switch, R,
should be realized. It is obvious that a DOb works as the fictitious robust control switch. However, the
robustness of an explicit force control system is limited by the dynamic characteristics of DOb such as
bandwidth limitations. Therefore, the dynamics of DODb should be considered in the analysis of the DOb
based explicit robust force control systems.

Block diagram of a DOb based explicit robust force control system is shown in Fig. 4-10. In this
figure, Cy denotes force control gain; and Dy, and K.y, denote environmental damping and stiffness
coefficients, respectively. The other parameters are same as defined earlier.

Without any approximation, Fig. 4-10 can be simplified as shown in Fig. 4-11. In this figure, a =

load -
Tref +

™ gDOb
S+ Opop DOb
S
Jim Joob

Fig. 4-10: Block diagram of a conventional DOb based explicit robust force control system.
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Fig. 4-11: Simplified block diagram of a conventional DOb based explicit robust force control system.

%. It is clear from Fig. 4-11 that a DOb works as a phase lead-lag compensator that is adjusted by
« in the explicit robust force control systems; and the stability is improved by increasing phase lead, i.e.,
a. Besides, not only the stability, but also the disturbance suppression at low frequencies is improved
by increasing «, since external disturbances and the reactive feed-back loop is suppressed in a wider
frequency range as « is increased. However, as shown in the previous sections, o cannot be increased
freely due to the robustness constraints of DOb. The transfer function between Trl‘e"}d and 7994 s directly

derived from Fig. 4-11 as follows:

Tégad o LCF(S)
mioad 14 Ler(s)’

4.17)

— (S+9D0b)(Denv5+Kenv)
S{Jms2+(JmagDOb+Denv)5+Kenv}

DOb based explicit robust force control system.

is the open loop transfer function of the conventional

where Lopc(s)

Equation (4.17) shows that the steady state error of the explicit robust force control system is removed
by a DODb, since the open loop transfer function has a pole at the origin. The relative degree of Lorc
is one so the asymptotes of the root loci are at angle of 7 rad.. The transient response of the explicit ro-
bust force control system changes by the environmental impedance, control gain, nominal and uncertain
motor parameters, and the bandwidth of DOb. As the bandwidth of DOD is increased, the robustness is
improved but the stability deteriorates due to phase lag increment. Although, in practice, it is not a severe
problem when environmental stiffness is high, the stability may deteriorate by increasing the bandwidth
of DOb when a robot contacts with a soft environment. Therefore, the robustness of a DOb based explicit
force control system should be adjusted by considering the stability of the explicit robust force control
system.

The transfer functions between ¢*!7¢ and 7'9%? are derived from Fig. 4-9 and Fig. 4-11 as follows:
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Trlgad _ Denv5+Ken’U (4.18)
extrd Ims?+ (14 Cf) Denps + (14 Cf) Kepy’ '
when the conventional explicit force control system is considered; and
Tﬁsad _ S (Dem)SJrKenv) (4 19)

i Jms® (s + agpos) + {CrIma (s + gpos) + s} (Denvs + Kenv)’
when the DOb based explicit robust force control system is considered.

Equation (4.18) shows that as the force control gain, C/, is increased, the robustness of the conven-
tional explicit force control system is improved, i.e., suppression of external disturbances is improved.
However, it is a well known fact that force control gain cannot be increased freely due to the stability
constraint. Therefore, the robustness of the conventional explicit force control system is limited by the
stability. Equation (4.19) shows that external disturbances can be suppressed precisely at low and high
frequencies when a DOD is used. However, the dynamics of the explicit robust force control system
become more dominant in the intermediate frequencies. Therefore, the robustness of the explicit force
control system may deteriorate in the intermediate frequency range.

Although Fig. 4-11 provides us a basic insight into the DOb based explicit robust force control sys-
tems, it is impractical due to the assumption which is that environmental impedance is known, a priori. In
real explicit force control implementations, environmental impedance is generally unknown; therefore,
the estimation of environmental impedance is crucial in the explicit force control systems. However, the
environmental impedance estimation methods change the robustness, stability, and performance of the
explicit force control systems, drastically. In this section, implicit and explicit environmental impedance
estimation methods are considered by using a force sensor and an RFOb.

Let us start by considering the implicit environmental impedance estimation method, i.e.,force sensor.
Force sensors are widely used to detect contact forces in conventional force control applications. A force
sensor detects contact forces implicitly by estimating the strain of a strain gauge. The estimated strain
is transformed into stress by using Young’s modulus so as to detect contact forces. The compliance of
an explicit force control system changes by a force sensor if the stiffness of the strain gauge is low.
Since the stability of an explicit force control system deteriorates by the low stiffness of strain gauge,
highly stiff force sensors are generally used in force control applications. However, stiff force sensors
suffer from noise, because contact forces are detected by estimating infinitesimal strains. Compliance

and noise are the main disadvantages of a force sensor. Besides that force sensors have several practical
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(a) Two mass resonant system model of a force sensor.

DeﬂVS + Kenv

1 Osen

(b) Block diagram of a force sensor.
Fig. 4-12: Model and block diagram of a force sensor.

disadvantages, e.g., they require amplifiers which increase costs, mounting force sensors on robotic
systems may cause some difficulties, connection between force sensor and amplifier increases design
complexity, force sensors can estimate environmental impedance if they are in contact, and so on.

A two mass resonant system, which is shown in Fig. 4-12(a), is used to obtain the lumped parameter
model of a force sensor. Fig. 4-12(b) shows the block diagram of a two mass resonant system model.
In this figure, Jsen, Dsen and K., denote the inertia, damping and stiffness of a force sensor, respec-
tively; D,, and D.,, denote damping of motor and environment, respectively; K., denotes stiffness
of environment; and 7294 denotes estimated contact force. The other parameters are same as defined
earlier.

Without any approximation, a simplified block diagram of the explicit robust force control system is

obtained as shown in Fig. 4-13 when environmental impedance is estimated by using a force sensor. In
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Fig. 4-13: Simplified block diagram of a DOb based explicit robust force control system when force
sensor is used to estimate environmental impedance.

this figure, A1(s) = Jsen5® + Denws + Kenvs Do2(8) = Jsens? + (Dsen + Denw)s + Koen + Keny: and
Jsen denotes the bandwidth of force estimation.

It is clear from Fig. 4-11 and Fig. 4-13 that the compliance of the explicit robust force control system
changes by the dynamics of force sensor. The stability and performance of the explicit robust force
control system deteriorate as the stiffness of force sensor is decreased. Therefore, in general, stiff force
sensors are used in force control applications. To suppress the noise of a stiff force sensor, contact forces
are detected by using a LPF as shown in Fig. 4-13. However, the LPF degrades the performance by
limiting the force control bandwidth, gsen, and stability by increasing phase lag.

The stability and robustness can be analyzed similarly by deriving the transfer functions of the explicit
robust force control system. However, the dynamics of force sensor and LPF, which degrade the stability
and performance, should be considered.

Let us now consider the explicit environmental impedance estimation method, i.e., RFOb. Block dia-
gram of an RFOb based robust force control system is shown in Fig. 4-14. In this figure, AJ,, and AK,
denote inertia and torque coefficient variations, respectively. A DOD estimates external disturbances and
system uncertainties in the inner-loop. The robustness of the force control system is achieved by feeding
back the estimated disturbances. However, system uncertainties should be identified a priori to design
an RFOD in the outer-loop. Although the structures of a DOb and an RFODb are quite similar, only the
latter is a model based control method which is the most challenging issue in its design. In general, an
RFOD is considered as a feed-forward control structure to simplify the analysis. However, it is not true.

The design parameters of a DOb and an RFOb change not only the performance, but also the stability
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Fig. 4-14: Block diagram of a DOb based explicit robust force control system when RFOD is used to
estimate environmental impedance.

of the explicit robust force control system, significantly. The stability of the explicit robust force control
system is analyzed as follows:

Let us define the environmental contact by using a lumped spring-damper model as follows:

T,{,(,fad = Dem}((jm - Qenv) + Keno (Qm - Qenv)a (4.20)

where D, and K.y, denote the environmental damping and stiffness, respectively; and gepny and Geny
denote the position and velocity of environment at equilibrium, respectively. The dynamic equation of

an RFODb based robust force control system is derived from Fig. 4-14 as follows:

(el = T — 747 = it ~2EED _ gload, @21
5+ gRFOb
where 7%{1“ and %ﬁ;‘t denote identified friction and interactive disturbances, respectively; and jm = Jmn+

Afm and I?T =K + AIA{T denote identified inertia and torque coefficient, respectively.

The transfer function between Tﬁg‘}d and ﬂﬁ“d is derived by using eq. (4.1), eq. (4.2), eq. (4.21), and

Fig. 4-14 as follows:
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Fload _ Lrrov(s) 4.22)
7io4d 1+ Lrroy(s)’
where
J,
grrObE™ (8 + gpow) ¢ (5)
Lrros(s) = Cy b , (4.23)

S {Jms (3 + agDOb) + (Dem;s + Kem))} (5 + gRFOb)

is the open loop transfer function of an RFOb based explicit robust force control system; ¢(s) =

JmI?TS(S + agDOb) + I?T(Dem)s + Kem;) - jmKTS(S + BgDOb); a = % and ﬁ = %

The other parameters are same as defined earlier. If an RFOD is designed by using perfect identification

of inertia and torque coefficient, i.e., « = /3, then

gRFOmea (3 + gDOb) (Denvs + Kenv)
§ {Jms (S + agDOb) + (Denvs + Kem))} (5 + gRFOb) .

In general, the bandwidths of a DOb and an RFODb are set to the same value. If it is applied into
eq. (4.24), then

Lrros(s) = Cy (4.24)

nga(Denvs + Kenv)
L =C '
RFOb (S) fS {Jms (S + ag) -+ (Denvs + Kenv)}

Equation (4.23), eq. (4.24), and eq. (4.25) show that each of the open loop transfer function has a pole

(4.25)

at the origin, so the steady state error is removed by a DOD in the explicit robust force control systems.

Let us first consider eq. (4.25), in which it is assumed that perfect system identification is achieved and
the bandwidth of DOb and RFOb are set to the same value. The relative degree of the open loop transfer
function is two, so the root loci of the robust force control system have asymptotes, at =5 rad.. The
stability of the robust force control system deteriorates as the environmental stiffness, K., increases,
since the zero of the open loop transfer function, which is at %, moves away from the origin and phase
lag increases.

Let us now consider eq. (4.24), in which it is assumed that perfect system identification is achieved
and the bandwidths of DOb and RFOb are set to the different values. The relative degree of the open
loop transfer function is two, so the asymptotic behaves of the root loci do not change. However, a phase
lead-lag compensator, which can be used to improve the stability and performance, is obtained by setting
the bandwidths to the different values. If the bandwidth of RFODb is higher than DOb’s one, then a phase
lead compensator is obtained; however, if the bandwidth of DODb is higher than RFOb’s one, then a phase

lag compensator is obtained. It is shown clearly by re-writing eq. (4.24) as follows:
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gRFOmea(Den'us + Kem))
S {Jms (S + agDOb) + (Denvs + Kem))}’

where Ceon, (s) = % is the phase lead-lag compensator that is adjusted by the bandwidths of DOb
and RFOb.

Lrrob(s) = CtCeom(s) (4.26)

Finally, let us consider eq. (4.23), in which imperfect identification of inertia and torque coefficient
are considered. The relative degree of the open loop transfer function is one, so the root loci of the robust
force control system have asymptotes at 7 rad.. Equation (4.23) and eq. (4.24) show that asymptotic
behaves of the root loci improves when o« # (3, i.e., inertia and torque coefficient are not identified
precisely in the design of an RFOb. However, the stability of the robust force control system changes
drastically by the imperfect identification. It can be explained as follows:

Let us consider the numerator of eq. (4.23) by using

Jm n

K

Crgrron (s + gpow) ¢(s), 4.27)

where ¢(s) = <JmIA(T — meT> $2 4+ Ky Dopps + Ky Ken.

As shown in eq. (4.27), the open loop transfer function has a right half plane zero if JmIA(T < me T,
i.e., B < a. Therefore, not only the performance, but also the stability of the robust force control system
deteriorates significantly by the imperfect identification of inertia and torque coefficient.

The performance of an RFOb changes significantly by the imperfect identification of torque coeffi-
cient. However, in general, the error of inertia identification can be neglected due to the low accelerations
in force control. In practice, although torque coefficient identification can be achieved precisely, identi-
fication of inertia may not be a simple task, e.g., the inertia of a multi-body system is quite complex and
non-linear. Therefore, a new design constraint, which improve the performance and stability, is proposed

for the RFOb based robust force control systems as follows:

I < Jm  and  K;= K., or (4.28)

B>« and K, =K,. (4.29)

If it is assumed that IA(T = K,, jm = Jm, and gpor = grrob» = ¢, then the transfer functions of

~load load
= and ;Z— are derived from Fig. 4-14 as follows:
m m
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7z7lr(L)ad _ g Jm32(3 + ag)(l — ¢> — $(Denys + Kenw)h (4.30)
eth#L s+ g Jm33 + (JmOég + Denv)52 + (Kenv + JmangDenU)S + JmOéngKem;7 .
rload Tn0gCs(Denvs + Keny) (1 = 1) = 5(Denvs + Keno)v @31)

ewtrd  Jpns? + (J;mag + Deny)s? + (Kenv + Jm@gCfDeny)s + JmagCrKen,’
where e“%,ﬁll —ewt Tfrll’(/J denotes the identified external disturbances. Equation (4.30) and eq. (4.31)
show that an RFODb cannot detect contact forces precisely when it suffers from imperfect identification

of external disturbances, i.e., ) # 1.

If external disturbances are identified precisely, i.e., ¢ = 1, then eq. (4.31) is re-written as follows:

7load - $(Denps + Keny) (4.32)
eth#l Jm53 4 (JmOég 4 Denv)32 + (Kenv + JmOéngDenv)S + JmangKenv ’ .

Equation (4.32) is quite similar to eq. (4.18). It shows that external disturbances can be suppressed
precisely at low and high frequencies. However, the robustness may deteriorate in the intermediate

frequency range even if ¢ = 1.

4.4.1 Simulations and Experiment

In this section, simulation and experimental results are given for explicit robust force control sys-
tems. The stability and robustness of a DOb based explicit force control system are considered in the
simulation. The parameters of the simulations are shown in Table 4.3.

The stability analyses are conducted by using the root-loci of the robust force control systems that are
shown in Fig. 4-15, Fig. 4-16 and Fig. 4-17. Fig. 4-15 shows the root-loci with respect to gpop when

« has different values and environmental impedance is known, a priori. It indicates that the stability of

Table 4.3: Simulation parameters of the explicit force control system.

Variables Definition of variables Value
Jmn Nominal mass 0.10 kg
K, Nominal torque coefficient 0.25 N/A
Dgen Force sensor damping 0.02 Ns/mm
Keen Force sensor stiffness 100 N/mm
Deny Damping of environmental impedance | 0.01 Ns/mm
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Fig. 4-15: Root loci with respect to gpop When environmental impedance is known a priori.
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Fig. 4-16: Root loci with respect to C'y when a force sensor is used.

the robust force control system can be improved by increasing . However, against «, increasing gpop
may improve or degrade the stability of the robust force control system. If there is no a constraint on
the bandwidth of DOb, then a good stability can be achieved by increasing gpo,. However, in reality,
it is limited by practical constraints such as noise and sampling time. Therefore, as shown in the figure,
the stability deteriorates if the closed-loop poles cannot get close to the zeros when gpoy is increased.
In this case, decreasing the robustness, i.e., using lower gpop, can improve the stability. The stability
constraint on gpop becomes more dominant as the environmental stiffness decreases. Fig. 4-16 shows

the root-loci with respect to C'y when a force sensor is used. It indicates that the stability of the robust
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Fig. 4-17: Root loci with respect to C'y when an RFOD is used.
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Fig. 4-18: Disturbance suppression when environmental impedance is known a priori.

force control system deteriorates if the stiffness of a force sensor is decreased and/or a LPF is used to
suppress the noise of force estimation. Fig. 4-17 shows the root-loci with respect to C'y when an RFOb
is used. It indicates that the stability of the robust force control system changes drastically by the design
parameters of a DOb and an RFOb. The stability of the robust force control system is improved by using
jm < Jm,ie.,a < Band grros > 9pOb-
The robustness analyses of the explicit force control systems are conducted by using the frequency
ext,d

responses of the transfer functions between “**7% and /2% in Fig. 4-18, Fig. 4-19, and Fig. 4-20. Fig. 4-

18 indicates that a good robustness can be achieved at low and high frequencies; however, the robustness
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Fig. 4-19: Disturbance suppression when a force sensor is used to detect environmental impedance.
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Fig. 4-20: Disturbance suppression when an RFOD is used to detect environmental impedance.

changes with respect to the dynamics of the plant, environmental impedance, and the robustness and per-
formance controllers in the intermediate frequencies. As shown in Fig. 4-18, an external disturbance may
not be suppressed even if it stays within the bandwidth of DOb, gpoy, . As the stiffness of environmental
impedance increases, the robustness of a DODb based explicit force control system deteriorates. Fig. 4-19
and Fig. 4-20 show the robustness analyses when a force sensor and an RFOD are used to detect contact
force, respectively. As the bandwidth of DOD is increased, the robustness of the explicit force control
system is improved. However, it is more sensitive to external disturbances when an RFOb is used to

detect environmental impedance. The performance of the explicit force control system is influenced by
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Table 4.4: Experiment parameters of the explicit force control system.
Variables Definition of variables Value

Jmn Nominal mass 0.62 kg
K, Nominal torque coefficient 33 N/A
JRFOb Cut-off frequency of RFOb | 1000 rad/s.

Cy Force control gain 1
Ken Stiffness of force sensor 1500 N/mm
2 T
— = 5

— = D

— = ]

Force Reference ]

Torque (Nm)

= L L L I I
0 1 2 3 4 5 6

Time (second)

Fig. 4-21: Robustness / Noise suppression of the DC motor .

external disturbances even at low frequencies when 1) # 1.

A linear DC-motor, which is shown in Fig. 4-7, is used in the experiments. The specifications of the
experimental setup are shown in Table 4.4. Sampling time is 1 ms, and KYOWA LUR-A-50NSAT1 force
sensor is used to estimate contact forces.

Let us start by considering the robustness constraint of a DOb. Fig. 4-21 shows the force control
responses of the DC motor when « has different values and gpop = 200rad/s.. It is clear from the
figure that as « is increased a DOb becomes more sensitive to noise, since the robustness deteriorates.
To improve the robustness of DOb, « and gpop should be tuned by considering the robustness constraint
given in eq. (4.7).

Fig. 4-22 shows force control responses when contact forces are detected by using the force sensor. A
step force control command is applied at 1 s., and a fictitious external disturbance, which is sin(wt), is
applied between 5 and 13 s. The frequency of the external disturbance, i.e., w, is: 1 rad/s. between 5 and 7

s., 10rad/s. between 7 and 9 s., 100 rad/s. between 9 and 11 s., and 500 rad/s. between 11 and 13 s.. Fig. 4-
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Fig. 4-22: Step responses of the robust force control system when the force sensor is used to detect

contact forces.

22(b) indicates that the explicit force control system becomes more sensitive to the external disturbance

as the stiffness of environmental impedance incre

ases. The external disturbance is suppressed precisely

at low frequencies; however, the force control system is influenced by the fictitious external disturbance,

sin(wt), as w is increased. Fig. 4-22(a) shows that although the fictitious external disturbance is out of

the bandwidth of DODb, the explicit force control system can suppress it when environmental stiffness is

low. The stability of the explicit robust force control system is improved by decreasing gpop; however,
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Fig. 4-23: Step responses of the robust force control system when RFODb is used to detect contact forces.

the robustness deteriorates. The stability improvement is more dominant when environmental stiffness
is low.

Fig. 4-23 shows force control responses when contact forces are detected by using an RFOb. Force
sensor is used to verify the detection of contact forces that are obtained by the RFODb. Fig. 4-23(a) shows
that the stability of the robust force control system changes significantly by the identification of motor
inertia. It is improved by using T < I Fig. 4-23(b) shows that imperfect identification of external

disturbances degrades the performance of the explicit force control system when an RFODb is used. The
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Fig. 4-24: Two link planar robot arm.
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Fig. 4-25: Block diagram of an accelaration based hybrid motion control system.
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Fig. 4-26: Position control responses of the two link planar robot arm.

performance of the explicit force control system is influenced by the fictitious external disturbance even
at low frequencies, since an RFOb cannot detect contact forces, accurately. Fig. 4-23(b) clearly shows
the contact force estimation error of RFOb between 5 and 13 s. when ) #£ 1.

Finally, two link planar robot arm, which is shown in Fig. 4-24, is controlled by using the proposed
position and force control systems. Block diagram of the ABC hybrid motion control system is shown in
Fig. 4-25. In this figure p denotes compliance selection constant. Torque control is conducted between 0

and 5, and 10 and 15 seconds; and position control is conducted between 5 and 10 seconds. Step torque
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Fig. 4-27: Torque control responses of the two link planar robot arm.

reference inputs are applied to each joints at different times during the torque control, and the links
interact with the environments initially; sinusoidal position reference inputs are applied to each joints.
Fig. 4-26 and Fig. 4-27 show the position and torque control responses at each joints, respectively. As
shown in the figures, the position and torque control goals can be achieved precisely when the proposed

methods are used.
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4.5 Adaptive Reaction Force Observer Design

In this section, a novel adaptive design method is proposed for RFOb based robust force control
systems. In the design of the adaptive RFOb based robust force control system, practical constraints
of DOb and RFOb are considered. Equation (4.22) clearly shows that the robust force control system
depends on the environmental impedance, the dynamics of the plant, and the robustness and performance
controllers. To achieve high performance force control systems, all dynamics of the robust force control
system should be considered. Therefore, environmental impedance and plant uncertainties should be
estimated. A new adaptive design method is proposed as follows:

a) Damping Environmet: K, is zero.

Let us first consider environmental impedance as pure damping. If & = 8 and gpoy = grrob» = 9,

then the open and closed loop transfer functions of the robust force control system are derived as follows:

JmagDenv
L s) = C ) 4.33
~load J D
(Lo — mag L eny . (4.34)
Trot Ims? + (Jmag + Deny) s + ImCroagDeny
Let us consider a general second order transfer function by using,
w2
T = n . 4.35
pES(S) 2 & 2wns -l (4.35)
The design parameters of the robust force control system are derived as follows:
De,
ag = 2w, — —2, (4.36)
Im
2
w
Cy = T (4.37)
f agDenv

If the bandwidth constraint of a DOb, which is given in eq. (4.7), is applied into eq. (4.36), then

Denv g'U Derw
<2 < == .
7. S <ot

Consequently, the adaptive robust force control system is designed as follows:

(4.38)

(1) & is chosen between 0.707 < £ < 1 to improve the stability.
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(2) wy, is obtained by using w,, = ng (%” + Dj—n’z“) where % < v < 1 to satisfy eq. (4.38).

(3) ag and C are obtained by using eq. (4.36) and eq. (4.37), respectively.

b) Stiff Environmet: Dy, is zero.
Let us now consider environmental impedance as pure stiftness. If o = 8 and gpoy, = grrob» = 9,

then the open and closed loop transfer functions of the robust force control system are derived as follows:

JmagKenv
L s) = C ) 4.39
REO ( ) fS (Jm52 + Jnags + Kem)) ( )
~load J K
L S o J— m O D e . (4.40)
Trof Ims3 + Jmags® + Kenos + JnCragKeny,
Let us consider a desired characteristic polynomial by using
Ppps(s) = (s+p) (s* + 26w,s + w?)
= 342 (Ewp, + p) s2 + (wi + QEwnp) s+ w,%p. 4.41)
The design parameters of the robust force control system are derived as follows:
Keny — me%
_— 4.42
p o Ewy, (4.42)
ag = 2wy, +p, (4.43)
wip
Cr = ——. (4.44)
! agKeny
If eq. (4.7) is applied into eq. (4.43), then
Gv
0 < 28w, +p < CR (4.45)

Let us assume that w,, = k Kj—;” where k < 1 to satisfy the stability. Then, eq. (4.42) and eq. (4.45)

are re-written as follows:

P = n€wy = Sekzwn, (4.46)

26 k2 v
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where n = gw%' 1 is an important design parameter to adjust the performance of the system. If k is

derived in terms of 1 by using eq. (4.46) and put into eq. (4.47), then

_ 1
k= T (4.48)

7+ (4 2R +4- £ <0, (4.49)

where R = jl?ii' The real and positive values of 7 are derived from eq. (4.49) if the following condi-

tions are held.

i If Imot > 16, then & can take any value.

KCTL’U
i If JKme—f < 16, then £ should satisfy £ < 5“ where 5“ = —2VKenw o obtain real 7 and 5 =

vV 16Keny—JImg2

0.51/-Zm9% (o obtain n > 0
: 4K6nv 77 -

Consequently, the adaptive robust force control system is designed as follows:

(1) n is determined by considering i and ii. If 5 < 1, then 7 should be chosen small enough, e.g.,
n = 0.1, to suppress the effects of low damping poles; however, if 5 > 1, then 7 can be chosen,

freely.
(2) £ is determined by using

(@) If4(2 4+ 0)%2Kenw < 2J,mg2, then & can take any value.

2
(b) If 4(2 +1)*Keny > 2Jung;, then § < e e 17739232”%9%.

(3) p and k are obtained by using eq. (4.46) and eq. (4.48).

Ke’n/u

(4) wy, is obtained by using wy, = k/ 5=

(5) agand Cy are obtained by using eq. (4.43) and eq. (4.44).
c¢) Stiff and Damping Environmet: Finally, let us consider environmental impedance as damping and

stiffness. If « = 8 and gpoy = grrob = ¢, then the closed-loop transfer function of the robust force

control system is derived as follows:
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g (Do + Fin) 150
load — Y773 2 ' 0
Tref JmS + (Jmag + Denv)S + (CmeagDenv + Kem))S + JmeOégKem;

If eq. (4.41) is considered, then the design parameters of the robust force control system are derived

as follows:

_ K2 — Wi I Ken
p = 3 ; 4.51)
26 JmwnKeny — wnJmDenv

Denv
ag = 28w, +p-— 7 (4.52)
w2p
C —r . 4.53
f agKem; ( )

If eq. (4.7) is applied into eq. (4.52), then

D D
N 9w, +p < T4 T (4.54)
Im s Im
Let us assume that w,, = k KJE—:L” = 1225 %. Then, eq. (4.51) is re-written as follows:
= (455)
KETLU
. Im_ ., __ P
where ¢ = g sand 1) = g,
The stability of the robust force control system is achieved if
1 1
k<landk < — or k>1andk > —, (4.56)
(G (G
and the bandwidth constraints of a DOb are satisfied if
D K D
N (4 )k | < Ty Zen (4.57)

Im In T 2 I

However, it is not an easy task to design an adaptive RFOb when environmental impedance is modeled

by using damping and stiffness. To overcome this challenging issue, a simple and effective design method
is proposed as follows:

Let us consider the relation between k and 7 by using eq. (4.55)

1— k2

= —252(1 maTER (4.58)

n
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Equation (4.58) shows that 1) is zero and infinite when % is equal to one and <, respectively. Therefore,

k should be chosen close to one when 7 is desired to be small enough to suppress low damping poles’

effects. Hence, the constraints on & are derived approximately as follows:
£ <e<er, (4.59)

9u | Denu
2 + Jm

Denv

- _m . + _
where & —W,andf = 2\/@
If £ < 1, then the DOb constraints, i.e., £~ < & < £ and n < 1 should be satisfied. However, if

£€T > 1, then only the DODb constraints should be satisfied. Therefore, two different solutions should be

considered to design an adaptive RFOb.
Consequently, the adaptive robust force control system is designed as follows:

(1) The constraints on ¢ are determined by using eq. (4.59).

(a) If ¢ < 1, then

i. Chose ¢ in the given interval, and n < 1

ii. Solve k by using eq. (4.59)

ek — (14 2n%)k* +1 =0, (4.60)
iii. Chose the solution of £ which is close to 1.
(b) If € > 1, then
i. Choseé =1
ii. Solve k by using eq. (4.59)
A2k 4+ (1 — 4€% — 260 0)k? + 260k — 1 > 0,
(4.61)

A2k + (1 — 4€% — 2608)k% + 266k — 1 < 0

Denwv
Jm

gv D;nv
_ 2 m__ . —

where o = R st and ) = e
Tm Tm

Chose the real and positive solution of k.

iii.
Keny
mat

(2) wy, is obtained by using w,, = k
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(3) p,ag, and C} are obtained by using eq. (4.51),eq. (4.52) and eq. (4.53), respectively.

The solution of the cubic equations should satisfy positive and real k values. It can be shown by using
the Property as follows:

Property: Let us consider a cubic polynomial and functions by using

a3x3 + aga:2 + a1z +ag =0,

A = 18azasaiag — 43ag + a3a? — dazal — 27a3a?,
_ 2

Ay = a5 — 3azay,

Ay = 2a3 — Yazazay + 27a3ag, (4.62)
Then,

i If A > 0, then the polynomial has three real roots.

ii If A < 0, then the polynomial has imaginary roots.

The roots of the polynomial are as follows:

1 Ao
= —— I+ —
1 303 <a2 + 1+ T ) ;
1 —1+iV3 Ao
= —— r 4,
723 3as <a2 + 2 + 1i2i\/§r> ’ (4.63)

where I' =

3/ Ai++/AT—4A3

— "

Let us first assume that &7 < 1. Equation (4.60) should be solved when 1 < 1. It can be easily
checked that the polynomial has two positive real or imaginary and a negative real roots. To obtain a
positive real &, all roots should be real. By using Property, it can be shown that all roots are real if the

following inequality is satisfied.

8¢0n3 — (27y? — 12)E** + 662 +1 > 0, (4.64)

By using Property, it can be easily shown that eq. (4.64) is satisfied if the following conditions hold.

—94 —



CHAPTER 4 DISTURBANCE OBSERVER BASED ROBUST MOTION CONTROL SYSTEMS

if <1,thenn > 0,

A A
if¢>1,then0<n§§—§, 07“7725—;, (4.65)

where A\; < A2 < Ag are the roots of the polynomial that is given in eq. (4.64). Consequently, the roots
of the polynomial are obtained by using eq. (4.63).

Now, let us assume that £+ > 1. 7 can be chosen freely, and only the bandwidth constraints of
DOb should be considered. It can be easily checked that the polynomials given in eq. (4.61) have one
positive real and two negative real or imaginary roots when the coefficients of k2 are positive, and three
positive roots when the coefficients of k2 are negative. Therefore, the real positive solutions of the cubic

polynomials can be obtained.

4.5.1 Online Parameter Identification

To design an adaptive RFOb, environmental impedance and plant uncertainties should be identified.
An on-line parameter identification algorithm is proposed as follows:
The dynamic equation of a DOb based robust motion control system is written by using Fig. 4-1 as

follows:

Jmn -des 727%15 o fre load
™ ™

where T,l,ij‘ld = Deny(dm — denv) + Kenv(gm — genwv). For the sake of simplicity, let us use the static
model of the friction. However, more complex friction models, such as LuGre, can be used similarly

[89]. The static model of friction is as follows:

TTJ:LTC = kvsc‘jm + kclmbg(qm)y (467)

where kys. and k., denote viscous and coulomb friction coefficients, respectively; and ¢(¢,,) denotes
the approximation of the coulomb friction model [90].

Im» kvses kcimps Denv, and Ky, should be estimated to design an adaptive RFOb. Because external
load is estimated by using an RFODb, the plant parameters, i.e., Jy,, kyse and kepmnp, and environmental

impedance, i. €., Deny, and K¢y, can be identified during non-contact and contact motions, separately.
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Let us first consider non-contact motion to identify plant parameters and re-write eq. (4.66) in vector

form as follows:

Upe = pncT(Snc, (4.68)

. T
where up = mn(jgfs + %gfs; Prec = (.].m Qm §((jm) 1| ;and 6nc = [Jm k'vsc kclmb 7%} .

Let us assume that unknown parameters are bounded by a convex set that is defined by Vd,.(i) €
Ene 1 O (1) < Bne(i) < 800 (i),i = 1,2,3, 4.
A recursive least mean square error (RLMSE) algorithm is used to identify the plant parameters as

follows:

Ke(t) = Tt = 1)pelt) (ne + ph()Tnel(t — 1)pe(t)
One(t) = One(t — 1) + Prj {Krw(t) (um(t) - p:gc(t)‘an(t - 1))} )
Too(t) = —— (Lt — Kno(t)pT()) Toclt — 1), (4.69)

nc

where (i, denotes forgetting factor; e,,. denotes the parameters in non-contact motion; and

0,  dne(i) < 87" (4)
Prj{e,.(i)} = 0, Onc(i) > 000 (4) (4.70)
0,.(7) otherwise

The projection function, Prj {e,.(i)},i = 1,2,3, 4, provides that the plant parameters are updated
only in non-contact motion and do not burst.

To estimate environmental impedance, eq. (4.66) is rewritten in vector form as follows:

Ue = pe’ Oe, (4.71)

T T
where u, = %égad; Pc= |:Qm dm 1:| ; and 50 = |:Dem} Kem} %Agad]

The environmental impedance is identified by using an RLMSE algorithm as follows:

Ko(t) = Te(t — 1)p,(t) (1e + pLETe(t — 1)po(t))

Jc(t) = 6c(t - 1) + PT’j {Kc(t) (UC(t) - pZ(t)ac(t - 1))} )

Lo(t) = — (I — Ko(1)pl (1) Tolt — 1), (472)

C
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Fig. 4-28: Performance of the proposed identification algorithm.
where (. denotes forgetting factor; e. denotes the parameters in contact motion; and

0, (i) < 87 (i)
Prj{ec(i)} = ¢ 0, (i) > 87 (4) (4.73)
o.(7) otherwise

It is obvious that the uncertainty range of environmental impedance is larger than the plant parameters’
one. The projection function, Prj {e.(7)}, provides that the estimation of environmental impedance is
conducted only in contact motion. In the proposed RLMSE algorithm, the projection functions work
discontinuously, and the parameters are updated conditionally [91-93].

Fig. 4-28 shows the performance of the proposed RLMSE algorithm. During non-contact motion, the
inertia of a linear motor is identified. To achieve contact motion, a known environmental impedance is
designed by using zero position control of a linear DC motor, in which Kp = 900 and Kp = 60 are the
parameters of the PD position controller. Fig. 4-28 indicates that the plant parameters and environmental
impedance can be identified by using the proposed algorithm. It is obvious that the convergence rates
of the parameters influence the performance of the adaptive RFOb based robust force control system.
Besides, impact forces cause high identification errors initially in the environmental impedance identifi-
cation. Therefore, the parameters of the adaptive RFOb should be updated by considering the drawbacks
of the proposed on-line RLMSE algorithm, i.e., the parameters should be updated when they converge.

Fig. 4-29 shows the block diagram of the proposed adaptive RFOb based robust force control system.
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Fig. 4-29: Block diagram of the proposed adaptive RFOb based robust force control system.

Table 4.5: Simulation Parameters of the adaptive RFOb design.

Variables Definition of variables Value
JImn Nominal mass 0.025 kg
K., Nominal torque coefficient 0.5 N/A

Jv Cut-off frequency of velocity measurement | 1000 rad/s.

4.5.2 Simulations and Experiment

In this section, simulation and experimental results are given for adaptive RFOb based explicit force
control systems. Simulation parameters are shown in Table 4.5.

Fig. 4-30, Fig. 4-31, and Fig. 4-32 show the tunings of the design parameters by using the proposed
adaptive algorithms. It is assumed that « = 1, so the maximum achievable bandwidth of DOb is
500rad/s. to satisfy a good robustness. As shown in the figures, the maximum bandwidth of DOb can
be achieved if damping environment is considered. However, if stiff environment is considered, then the
bandwidth of DOb should be limited to improve the stability and performance when the environmental

stiffness is low. The performance and robustness of the force control system can be improved if the
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Fig. 4-30: Parameter tuning of adaptive RFOb when K, = 0 and D, # 0.
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Fig. 4-31: Parameter tuning of adaptive RFOb when K, # 0 and D, = 0.

environmental stiffness is considered as damping and stiffness. In this case, the bandwidth of a DOb can

be increased even if the environmental stiffness is low. Although there is a small pole near the origin, the

performance of the force control system is not affected due to the zero near the pole.

An XZ-table mechanism, which is shown in Fig. 4-33, is carried out to show the validity of the

proposals. The specifications of the experimental setup are shown in Table 4.6. The sampling time is 0.1

ms. KYOWA LUR-A-50NSA1 force sensor is used to verify the performance of RFOb.

Let us start by considering how identification of plant parameters improves the performance of the ro-

bust force control system. In the Z (vertical) direction of table mechanism, force control is implemented
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Fig. 4-32: Parameter tuning of adaptive RFOb when K, # 0 and D, = 0.25.

Fig. 4-33: An XZ table mechanism.
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Table 4.6: Experiment Parameters of the adaptive RFODb design.

Variables Definition of variables Value
Imi Nominal mass 0.81kg
JIm2 Nominal mass 3.2kg
K, Nominal torque coefficient 33.0 N/A

I Cut-off frequency of velocity measurement | 1000 rad/s.
Kp Proportional gain of position control 1200
Kp Derivative gain of position control 90

between 0 and 5, and 10 and 15 seconds; position control is implemented between 5 and 10 seconds,
and the uncertain plant parameters, i.e., motor mass and friction, are identified by considering gravity.
Fig. 4-34 shows that the position and force control goals are achieved. The performance of the RFOb
is improved between 10 and 15 seconds by identifying the plant parameters during non-contact motion.
A soft environment (sponge) is used during force control. The bandwidths of DOb and RFOD are set to
500rad/s.,and Cy =5 .

Let us now consider how identification of plant parameters improves the stability of the robust force
control system. Force control is implemented in the X (horizontal) direction by using different nominal
and identified mass values in the design of DOb and RFOb, respectively. The open loop gain is set to
a fixed value by using Cra = 2.5. Fig. 4-35- Fig. 4-38 show the stability of the robust force control
system. Fig. 4-35 and Fig. 4-36 show that as the nominal mass of the plant is increased in the design
of DODb, the stability of the robust force control system is improved. However, as shown in eq. (4.7),
the nominal mass cannot be increased freely due to the robustness constraint. Fig. 4-37 and Fig. 4-38
show that the value of the identified mass that is used in the design of RFOb changes the stability of the
robust force control system, significantly. An RFODb should be designed by using jm < Jn,ie,a<p
to improve the stability of the force control system. A hard environment (aluminum box) is used in the
experiment. Since the transient between non-contact and contact motions is not treated, the wide impact
forces are occurred in force control. It is obvious that the impact force can be suppressed by controlling
the approaching velocity between non-contact and contact motions.

So far, identification of environmental impedance has not been considered. Finally, let us consider
how identification of environmental impedance improves the robust force control system. The plant
parameters are identified in free motion, and DOb and RFOD are designed by using & = 2 and 5 = 2 to

improve the stability. The force control response is shown in Fig. 4-36 when the adaptive algorithm is
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Fig. 4-34: Position and force control responses in the Z-direction.

not implemented. The bandwidths of DOb and RFOb and the force control gain are tuned by using the
adaptive algorithm with on-line and off-line parameter identification methods. Fig. 4-39 shows the force
control responses when the adaptive algorithm is implemented. It is clear from Fig. 4-39(a) and Fig. 4-
39(b) that the adaptive algorithm improves the force control response. However, as shown in Fig. 4-
39(a), the adaptive algorithm with on-line identification is influenced by the dynamics of identification
process during the transition between non-contact and contact motions, which is shown in Fig. 4-28.

In the adaptive algorithm, the control parameters are not updated during the transition, so oscillations
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Fig. 4-35: Stability of the foce control system: o = 3 = 0.5, gpoy = grrop = 500rad/s., and C'y = 5.
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Fig. 4-36: Stability of the foce control system: o = 3 = 2, gpop = grrop = 500rad/s., and Cy = 1.25.

cannot be suppressed precisely when on-line parameter identification is used. However, as shown in the
Fig. 4-39(b), if environmental impedance is known a priori, which is impractical in many cases, then the

oscillations can be suppressed precisely by using the proposed adaptive algorithm.
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Fig. 4-38: Stability of the foce control system: o = 2, 8 = 4, gpop = 500rad/s., grrop = 1000 rad/s.,
and C'y = 1.25.

4.6 Summary

In this chapter, novel analysis and design methods are proposed for DOb based motion control sys-
tems. Firstly, inner-loop, in which robustness of motion control systems is achieved, is considered, and
a new robustness constraint is proposed. It is shown that the bandwidth of DOb and nominal inertia are
bounded by the bandwidth of velocity measurement in the design of DOb. Secondly, the stability and

performance analysis are proposed for the robust position and force control systems.
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Fig. 4-39: Force control responses in X-direction when the adaptive algorithm is used.

In the analysis of DODb based robust position control systems, it is shown that the stability is improved
as the nominal inertia is increased in the design of DOb. However, the nominal inertia is bounded by
the robustness constraint of DOb. Therefore, there is a trade-off between the robustness and stability in
the DOb based robust position control systems. Although, in general, it is assumed that the robustness
and stability are adjusted in the inner and outer loops independently, it is not true. The robustness of the
position control system is improved by the outer loop performance controller and good robustness may

be achieved even if the proposed design constraint is not used in the position control system. However,
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it should be kept in mind that the inner-loop suffers from noise and disturbances at high frequencies if
the proposed design constraint is not satisfied.

Robust force control systems are analyzed and it is shown that not only the performance, but also the
stability improves significantly if the robustness of force control systems is achieved, i.e., uncertainties
and the natural reactive feed-back loop that occurs in contact motion is canceled. A DOb provides a
very useful control tool to eliminate the natural feed-back loop in a limited bandwidth and improve
the stability of contact motion. However, the design constraints of DOb should be considered in the
analysis of the robust force control systems. Besides, environmental impedance estimation is crucial and
changes the stability and performance of the explicit force control systems significantly. Two different
environmental impedance estimation methods, namely force sensor and RFODb, are considered, and their
advantages and disadvantages are discussed in detail. It is shown that the stability and performance of the
explicit force control systems can be improved by using RFOb. Besides that force control application can
be realized without using a sensor. Therefore, I believe that RFOD is a very useful motion control tool
for several applications such as surgical robotics. However, as shown in Chapter 4, RFOb has a model
based control structure, and not only the performance, but also the stability deteriorates significantly
by the imperfect identification of design parameters. A novel stability analysis is proposed for RFOb
based robust force control systems. To improve the stability of contact motion, the identified inertia
should be decreased in the design of RFOb. If acceleration is negligible during force control, then high
performance force control responses can be achieved. The proposed analysis and design methods are
very practical and can be easily implemented into several sensorless force control problems. Although
force sensors have several disadvantages, such as increasing cost, against RFOb, they are not sensitive
to system uncertainties. The results are discussed in detail, and simulation and experimental results are

given to show the validity in this chapter.
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Chapter 5

Robust Control of Robot Manipulators via
Disturbance Observer

5.1 Introduction

Conventionally, robot manipulators are controlled by using model based control methods such as feed-
back linearization [84,88]. However, the conventional design methods are very sensitive to modeling
errors; not only the performance, but also the stability of robot control systems may deteriorate due to the
modeling errors in the design of the conventional controllers [94]. Model-free control methods have been
proposed by using intelligent based control methods; however, real time synchronism deteriorates due to
high computational amount [95,96]. It is a well known fact that robust control of robot manipulators is
crucial to achieve high performance robot control systems [97]. In the literature, several robust control
methods have been proposed to improve the performance of robot manipulators [98].

This chapter analyzes the robust control problem of robot manipulators by using DOb. In Chapter
4, robust control problem of motion control systems is analyzed in the joint space, and novel analysis
and design methods are proposed. In the conventional analysis of the DOb based robust motion control
problem of robot manipulators, joint space analyses are extended into multi-degrees-of-freedom systems
directly to simplify the problem [99-101]. However, robot manipulators have highly non-linear dynamic
characteristics so oversimplified linear analyses cannot provide a deep insight into the stability of DOb
based robust motion control problem of robot manipulators. A decade ago, a new nonlinear DODb is
proposed for a two link planar robot manipulator by Chen et. al in [102]. Recently, a general solution

is derived for non-linear DOb based robot manipulators in [103]. In these papers, the authors consider
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only the observation of un-modeled / un-known disturbance estimation and provide a stability analysis
for the non-linear disturbance observer. However, experiments of DOb based robust motion control
systems show that the stability of a DOb based motion control system cannot be guaranteed even if the
disturbance estimation is stable, i.e., disturbance canceling in the inner-loop may cause instability if the
design parameters of DODb are not tuned adequately [70]. A decentralized adaptive robust controller is
proposed by using DOb in [104]. It is assumed that DOb guarantees the robustness of robot manipulators
within its bandwidth; however, the design parameters of DOb are not discussed in this paper. Bickel and
Tomizuka showed that DOb based robust position controller is equal to the passivity based one and
claimed that the stability of the DOb based robot control systems can be achieved by using the passivity
theorem [105]. However, they also have not considered the design parameters of DODb in their analysis.
Therefore, the stability of the DOb based robust position control problem of robot manipulators have not
been clarified yet.

In this chapter, a new nonlinear stability analysis method is proposed for DOb based robust position
control problem of robot manipulators by using the equivalence of DOb and passivity based controller
design methods. The design parameters of DOb, i.e., the nominal inertia matrix and the bandwidth of
DOb, are considered in detail, and a new practical non-linear stability analysis method is proposed. It
is shown that a DOb based robust position control system is uniformly ultimately bounded when it is
applied into trajectory tracking control problem. The error bound is determined by the bandwidth of
DOb and nominal inertia matrix; as the bandwidth of DOb and/or nominal inertia matrix are increased,
the bound of error decreases. If the robust position control method is applied into a regulator problem,
i.e., point to point motion control problem, then asymptotic stability is achieved. It is shown that the
stability of the robust position control system is improved by increasing the nominal inertia matrix in the
design of DOb. Although the robust position control system is not sensitive to inertia matrix variations,
using very small nominal inertia matrix destabilizes the robust position control systems. This dissertation
proposes that a DOb based robust motion control system should be designed by using My, (q) > M(q),
in which My, (q) and M(q), respectively, represent nominal and uncertain inertia matrices, to improve
the stability.

The rest of the chapter is organized as follows. In section 5.2, some preliminaries are given for the
dynamic properties of robot manipulators. In section 5.3, DOb and ABC system are explained for robot
manipulators, briefly. In section 5.4, a new non-linear stability analysis method is proposed for DOb

based robust position control systems. In section 5.5, simulation studies are given. This chapter ends
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with summaries given in section 5.6.

5.2 Preliminaries

The dynamic model of a robot manipulator with n-degrees-of-freedom is derived by using Euler-

Lagrange formulation and expressed in joint space as follows:

M(q)§ + C(q, 4)q + g(q) = 7 — 77¢ — 7load, (5.1)

where M(q) € R™" is the inertia matrix; C(q,q)q € R is the vector of Coriolis and centrifugal
torques; g(q) € R” is the vector of the gravitational torques that is obtained as the gradient of the robot

fre and

potential energy due to gravity; 7 € R" is the vector of generalized torques in joint space; T
rload ¢ R™ are the vectors of friction and load torques, respectively; q, ¢ and § € R™ are the vectors of
angle, velocity, and acceleration of the robot manipulator in joint space, respectively.

It is assumed that the robot manipulator under consideration has only revolute joints and reference
trajectories, q"°f (¢), ¢**f (¢), and §*f(¢), are continuous and bounded. The equation of motion given in
eq. (5.1) has the following important properties that will be used in the stability analysis and controller

design [94,106].
Property 1: M(q) is a positive definite and symmetric matrix that satisfies
BT < o(M(q))T < M(q) < 7(M(q))I < T, (5.2)
where o(-) and &(-) represent minimum and maximum eigenvalues of (-), respectively; Spi" and S
represent positive real constants.

Property 2:

1C(a, )" || < Be llalllla™[l, (5.3)

where ¢ represents a positive real constant.

Property 3:

Ig(q)]l < Bg, (5.4)

where [3g represents a positive real constant.

Property 4:
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Ger (S) DOb

+
= M nGDOb

Fig. 5-1: Block diagram of a DOb when multi-degrees-of-freedom robot is used.

d
x” (EM(q) —2C(q, 61)) x =0, (5.5)

where x € R" represents an n-dimensional vector, and £ M(q) — 2C(q, ¢) is a skew-symmetric matrix.

5.3 Acceleration Based Robust Position Control of Robot Manipulators

In this section DOb and acceleration based control systems will be explained for robot manipulators.

5.3.1 Disturbance observer design in multi-degrees-of-freedom systems

A block diagram of a DOb based robust motion control system is shown in Fig. 5-1 when the general
dynamic model of robot manipulator given in eq. (5.1) is used. In this figure, M(q) and M,,(q) € R™"
represent uncertain and nominal inertia matrices, respectively; 7 and 79 represent robot and desired
joint torques, respectively; Gpob = Diag ([9hop 9hop: - Ihos)) € R™™ in which Diag (e) is a
diagonal matrix of vector e and 9330&; represents the bandwidth of DOb in the ith joint; GrLpr(s) =
Diag ([ 900 _Ibon Ibow D € R™" represents the matrix of the LPF of DOb; 74 € R"

s+9poy” st9por’ " $T9bos
represents external disturbances; 7415 € R”™ represents the estimated disturbance; and q, ¢, and § € R”

represent n-dimensional angle, velocity, and acceleration vectors, respectively.

The estimated disturbance, 795 includes not only external disturbances, but also the inertia variations.

It is formalized as follows:

-110-



CHAPTER 5 ROBUST CONTROL OF ROBOT MANIPULATORS VIA DISTURBANCE
OBSERVER

%dis

= Gpob(s)T, (5.6)

where 7418 = (M, — M(q)) § + 79; and 74 = C(q, §)q + g(q) + 7F¢ 4 rload,
The dynamic equations of a DOb based robust motion control system are derived directly from Fig. 5-1

as follows:

745 = Gpop(s) (P + 79 — Mpg), (3.7

7A'dis = GDOb(S)(TdeS - MnEi)? (58)

2 . ngo) Q%Ob g%Ob
whereGDOb(s):Dzag<[ 200 ZDOb | 2IX D

5.3.2 Acceleration based robust position control in multi-degrees-of-freedom systems

A block diagram of an acceleration based robust position control system is shown in Fig. 5-2 when
the general dynamic model of robot manipulator given in eq. (5.1) is used. In this figure, Kp and
Kp € R™" represent velocity and position gains of PD controller, respectively; 9% € R” represents
desired acceleration; qref, qref, and dref € R" represent reference vectors of angle, velocity, and
acceleration, respectively. The other parameters are same as defined earlier.

As shown in Fig. 5-2, disturbances are estimated in the inner-loop by using a DOb, and the robustness
of the position control system is achieved by feeding-back the estimated disturbances. The outer-loop
acceleration controller is designed by considering the nominal inertia matrix, since DOb nominalizes the
inner-loop.

There are four parameters, Grpr(s), My, Kp, and Kp, that should be tuned in the design of the
robust acceleration based position control systems. It is a well-known fact that the higher the bandwidth
of DOD is, the more the robustness improves. However, the bandwidth of DOb is limited by some
practical constraints, such as noise and sampling time, as shown in Chapter 3 and Chapter 4. Therefore, in
practice, the bandwidth of DOD is set as high as possible to improve the robustness of the position control
systems. However, against the bandwidth of DOD, tuning the parameters of the nominal inertia matrix
is not clear in the design of DOb. In the conventional design of DOb based motion control systems, a
diagonal nominal inertia matrix is used and decentralized control structure is achieved by assuming that a

DOb cancels disturbances precisely [99-101]. Thereby, the stability analysis is simplified and conducted
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q
K,s+K
—=O S KO-,

Outer — Loop

Fig. 5-2: Block diagram of a DOb based robust position control system when multi-degrees-of-freedom
robot is used.

for each joint of robot manipulators by using linear models of servo systems. The oversimplified stability
analysis shows that asymptotic stability can be achieved if nominal inertia is bounded by the design
constraints given in [99]. However, in reality, it is not true, and oversimplified analyses are not sufficient
to determine the stability of the robot manipulators. The parameters of the outer-loop controller, Kp and

Kp are tuned directly by considering the nominal inertia matrix.

5.4 Stability Analysis of the Robust Position Control System

In this section, a new nonlinear stability analysis is proposed for the acceleration based robust position
control problem of robot manipulators by using its passivity equivalence.

Let us assume that the bandwidths of DObs are same at each joints, i.e., 9}701) = g2DOb = .. =
9pop = 9pos. Let us also assume that the robot manipulator is not influenced by friction and external

frc _ 7_load

load torques, i.e., T = 0. If the robot manipulator is controlled by using the robust ABC

system, then the dynamic model of the robot manipulator is described as follows:

M(q)§ + C(q,@)d + g(q) = 79 4 74is, (5.9)

The vector of desired torque is derived from Fig. 5-2 as follows:

79 = Mg, (5.10)
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+ ref .

where §4¢° = §*f — Kp(q — ¢f) — Kp(q — q*°f) = §"*f — Kpé — Kpe, in whiche = q — q**f
represents the error of angle.

The vector of estimated disturbance is derived by using eq. (5.8) and eq. (5.10) as follows:

745 — g posMn (G4 — q), (5.11)

If eq. (5.10) and eq. (5.11) are applied into eq. (5.9), then

M(q)d + C(q,q)q + g(q) = Mad?® + gposMn (G — q), (5.12)

Let us define an error dynamics by using ep = ¢ — 9. Then, eq. (5.12) is re-written as follows:

M(q)ép + C(q,q)ep + gposMnep = — ¥, (5.13)

where ¥ = AM(q)§?®® + C(q, )49 + g(q); ep = é + Kpe + Kp [ edt represents the error
dynamics; e = q — q"°f represents the error of angle; and AM(q) = M(q) — M,,.

Equation (5.13) shows that a DOb based robust position control system has same error dynamics as
the passivity based control method. Therefore, the following general passivity theorem can be directly
implemented into the DOb based robust position control systems.

Theorem 5.1: If the mapping —ep — W is passive, i.e.,

/ Y ()t > —, (5.14)
0

for all ¢ and for some ¢ > 0, thenep € Ly N L], ,ép € Ly, ep continuous and ep — 0 as ¢ — oo.

Proof: The inverse of the transfer function between ep and e, i.e.,

1
ep = (S + Kp + KPS) e, (5.15)

is stable and strictly proper. Therefore, the robust motion control system is asymptotically stable if the
mapping —ep — VU is passive [107].

Theorem 5.1 provides us a basic insight into the stability of DOb based robust position control sys-
tems. For instance, if it is assumed that ¥ = 0, in which a DOb is designed by using perfect inertia
identification, i.e., AM(q) = 0, a planar robot application is considered and gravity is canceled, and

Coriolis and centrifugal forces are neglected, then the asymptotic stability of the robust motion control
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system is achieved directly by using Theorem 5.1. However, it is not an easy task to show the passivity

mapping due to complex integration in eq. (5.14) when W # 0. Therefore, to show the stability of the

DOb based robust position control systems, the main theorem of this chapter is proposed as follows:
Theorem 5.2: The origin of the system defined in eq. (5.13) is uniformly ultimately bounded with

respect to the set Br {||ep||, > I'} where

BRA (|81, + Bo llall, [, + Be

I'= . , (5.16)
9DOoLBRI
if DOD is designed by using M,, > M(q), i.e., AM < 0.
Proof: Let us consider the Lyapunov function candidate by using
L
V= ieDM(q)eD, (5.17)
The time derivative of the Lyapunov function is derived as follows:
. 1 7 ] 1 poe
V. = jepM(a)ép + jepM(q)ep, (5.18)
1 . )
= ep¥ — gposepMnep + 59% (M(Q) —2C(q, Q)) ep, (5.19)
If Property 4 is applied into eq. (5.19), then
V = elW — gporebMyep, (5.20)
= —gporebMuep — eBAM(@)§** — ef {Cla, @)d™ + ()}, (.21

The time derivative of the Lyapunov function is smaller than zero if the following inequality is satis-

fied.

gposMnep > —AM(q)§?® — C(q, 4)q% - g(a), (5.22)

The conservative bound of the inequality given in eq. (5.22), i.e., the sufficient condition of the stabil-

ity, is obtained by using Property 1, Property 2 and Property 3 as follows:

- des

q | llell, + B llal., |

V < gpouiis’ llepll3 + SRR ,llepllz + g [lepll, <0, (5.23)
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Equation (5.23) shows that the time derivative of the Lyapunov function, V,is negative outside of the
compact set Br {||ep||, > I'} where I is defined in eq. (5.16). Therefore, all solutions that start outside
of Br enter this set within a finite time, and remain inside the set for future time. As a result, the error
dynamics, ep, is uniformly ultimately bounded with respect to Br.

Remark 1: Equation (5.20) and eq. (5.21) show that as the bandwidth of DOb and / or nominal
inertia matrix are increased, the Lyapunov function, i.e., the error dynamics, ep, decreases faster and the
stability of the position control system is improved.

Remark 2: The radius of the compact set Br can be controlled directly by using the bandwidth of
DOb and nominal inertia matrix. Equation (5.16) shows that as the bandwidth of DOb and / or nominal
inertia matrix are increased, the radius of the compact set Br shrinks.

Remark 3: The stability of the robust position control system is improved by using M,, > M(q), i.e.,
AM < 0.

Let us consider the first two terms of the right hand side of eq. (5.21).

V* = —gpovepMpep — e5 AM (q)§9es, (5.24)

It is obvious that if M;, = M(q), then the second term of the right hand side of eq. (5.24) is canceled,
so the robust position control system is not influenced by the desired acceleration fluctuations. However,
it is not practical in many robotic applications.

Let us consider the practical case in which My, # M(q). The first term of the right hand side of
eq. (5.24) is negative definite, so it is obvious that increasing the bandwidth of DOb and / or nominal
inertia matrix improves the stability of the robust position control system. However, the second term of
the right hand side of eq. (5.24) is not as clear as the first one.

Let us consider the error dynamics and desired acceleration by using

ep = é+Kpe+ Kp /edt, (5.25)

ddes _ dref _ KDé _ er, (526)

It is assumed that the reference trajectory is continuous and bounded. Therefore, the error dynamics
and desired acceleration are bounded if the robust position control system is stable. Equation (5.25) and
eq. (5.26) show that the error dynamics and desired accelerations have different signs as the error of the

position control system is increased, i.e., stability deteriorates.
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Let us consider the second term of the right hand side of eq. (5.24) and apply Property 1.

BRI < o(AM(q))I < AM(q) < a(AM(q))I < BRI, (5.27)

If eq. (5.27) is applied into the second term of the right hand side of eq. (5.24), then

BANeDd™™ < ep AM(q)d ™ < fR7end ™, (5.28)

Equation (5.28) shows that as the error of the position control system tends to be increasing the second
term of the right hand side of eq. (5.24) tends to be negative if AM(q) > 0; however, it tends to be
positive if AM(q) < 0. Therefore, if a DOb is designed by using AM(q) < 0, then the time derivative
of the Lyapunov function is decreased by the second term of the right hand side of eq. (5.24) as the error
of the position control system increases. However, if a DOb is designed by using AM(q) > 0, then
the time derivative of the Lyapunov function is increased by the second term of the right hand side of
eq. (5.24) as the error of the position control system is increased. Consequently, the stability of the robust
position control system is improved practically by using AM(q) < 0 in the design of a DOb.

Although, in practice, the design of a DOD is not very sensitive to inertia variations, the stability
may deteriorate significantly if the bandwidth of DOb cannot compensate the inertia variations when
AM(q) > 0. Therefore, a DOb should be designed by using AM(q) < 0 to improve the stability of
the robust position control system.

Remark 4: The proposed nonlinear stability analysis provides us a very practical design method for
the DOb based robust position control problem of robot manipulators. The design constraints that are
proposed in the previous chapters can be directly implemented into the robust position control problem of
robot manipulators. Although the stability of the robust position control system is improved by increasing
nominal inertia matrix, it is limited by the practical constraints and robustness as shown in Chapter 4.

Remark 5: Not only the robustness, but also the stability of the acceleration based position control
systems is improved by increasing the bandwidth of DOb.

Let us now consider the regulator problem of robot manipulators, i.e., point to point motion control,
in which g**f, g**f — 0, ¢"*f — q* and §* =0 as t — oo. The following theorem shows that
asymptotic stability is achieved when the ABC system is implemented to the regulator problem of robot
manipulators.

Theorem 3: If the final value of the desired trajectory is an equilibrium point, i.e., §"¢f, ¢*f — 0, and
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q*f — q*, in which q* is a constant vector, as t — 0o, and a DODb is designed by using AM(q) < 0,
then the robust position control system is asymptotically stable.

Proof: Theorem 1 shows that the stability of the robust position control system is achieved if eq. (5.22)
is satisfied. If the equilibrium is a constant point, then the stable position control system should reach at
a constant point as t — oo.

If Theorem 1 holds for the constant equilibrium point and the robot reaches at a constant point as

t — 00, then ep becomes a constant vector. Then,

gpovepMpep = ¢ > eb ¥, (5.29)

where ¢ is a constant value. Theorem I directly shows that the origin is asymptotically stable, since the

mapping —ep — W is passive.

5.5 Simulation

In this section, simulation results will be presented. Two different robot arms, which are shown in
Fig. 5-3, are considered in the simulations. The first one is a two-degrees-of freedom planar robot arm
and the second one is a six-degrees-of freedom industrial robot manipulator. The virtual reality toolbox
of Matlab is used to obtain animations and Simulink is used to design on-line robot control systems.

The robust position control responses of the two link planar robot manipulator are shown in Fig. 5-
4. Fig. 5-4(a) shows the errors of the robust position control system when the two link planar robot
manipulator follows a desired trajectory. It is clear from Fig. 5-4(a) that when trajectory tracking con-
trol problem is considered, the error of the robust position control system is bounded if the stability is
achieved. The bound of the position control error can be decreased by increasing the bandwidth of DOb
and nominal inertia matrix; however the error cannot be eliminated by using the conventional acceler-
ation based robust motion control systems. Fig. 5-4(a) also shows that increasing the nominal inertia
matrix improves not only the performance, but also the stability of the robust position control system.
The stability can also be improved by increasing the bandwidth of DOb. Against the trajectory tracking
problem, the asymptotic stability of the robust position control system can be achieved when regulator
problem is considered as shown in Fig. 5-4(b). Fig. 5-4(b) also shows that the stability of the robust
position control system is improved by increasing the nominal inertia matrix in the design of DOb.

Fig. 5-5(a) and Fig. 5-5(b), respectively, show the position control responses of a six-degrees-of-
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(a) Two link planar robot arm.

(b) Six-degrees-of-freedom robot manipulator.

Fig. 5-3: Two link planar arm and six-degrees-of-freedom robot manipulators.
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(a) Trajectory tracking control responses of two link planar robot arm.
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(b) Point to point control responses of two link planar robot arm.
Fig. 5-4: Robust position control responses of two link planar robot arm.

freedom robot manipulator when trajectory tracking and regulator problems are considered. Similar
stability and performance results can be seen for the six-degrees-of-freedom robot manipulator in Fig. 5-

5.
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(a) Trajectory tracking control responses of six-degrees-of-freedom robot
arm.
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(b) Point to point control responses of six-degrees-of-freedom robot arm.

Fig. 5-5: Robust position control responses of six-degrees-of-freedom robot arm.

5.6 Summary

In this chapter, a novel practical nonlinear stability analysis method is proposed for the position con-
trol problem of robot manipulators when DODb is used to achieve robustness. A new design constraint,
M, > M(q) in which M,, and M(q) denote nominal and uncertain inertia matrices, is presented to
improve the stability of the robust position control systems. It is clear from Chapter 4 and Chapter 5

that the stability of the DODb based robust motion control systems is improved by increasing the nominal
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inertia in the design of DOb. Although diagonal nominal inertia matrix is used in the conventional design
of DOD based robust position control systems, the proposed analysis shows that non-diagonal terms can
be also used to increase the nominal inertia matrix, i.e., to improve stability. As shown in Chapter 4, the
nominal inertia in the design of DODb is limited by the practical constraints such as noise, sampling time,
and robustness. Therefore, the stability of the robust position control system cannot be improved inde-
pendently. As the nominal inertia is increased to improve the stability, the bandwidth of DOb should be
decreased, which deteriorates the robustness and performance of the position control systems, to satisfy
the practical constraints. Consequently, a DOb based robust position control system should be designed
by considering the stability, performance, and robustness constraints given in Chapter 4 and Chapter 5.
The author believes that optimal design methods, in which the bandwidth of DODb is maximized and nom-
inal inertia matrix is minimized without degrading the stability of DOb, should be proposed to improve
the performance of DOb based robust motion control systems. However, the optimal DOb design is out

of the scope of this dissertation.
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Conclusions

Chapter 2 briefly describes the fundamentals of DOb based robust control systems, which is the basis
of this dissertation. A DODb based robust control system is one of the most popular two-degrees-of-
freedom control methods, in which robustness and performance are adjusted separately. There are two
feed-back loops, namely inner and outer loops, in a DOb based robust robust control system. The ro-
bustness of control systems is achieved by using DOb in the inner-loop, and the performance goals are
achieved by using a performance controller in the outer-loop. This control structure is explained in this
chapter, briefly.

Chapter 3 analyzes the DOb based robust control systems by using advanced linear control methods.
Firstly, the conventional analysis method, i.e., Small-Gain theorem, is considered in the robust stability
and performance analysis of DOb based control systems. It is a well-known fact that Small-Gain theo-
rem can be easily implemented into robust control problems; however, it suffers by conservatism, since
only the amplitude response of Nyquist plot is considered. It is shown that the conservatism limits the
bandwidth of DOb directly, and as the uncertainty of plant is increased the conservative constraints on
the bandwidth of DOb become more severe. Although conservatism can be decreased by using SSV,
it cannot be removed completely due to the discontinuity problem of real SSV. To remove the conser-
vatism, it is assumed that uncertain plant includes only real parametric uncertainties. A new stability
analysis is proposed for the first order DOb based robust control system by using Kharitonov and Edge
Theorems. It is shown that if a minimum phase uncertain plant includes only real parametric uncertain-
ties and the order of DOb is one, then the robust stability is achieved if the bandwidth of DOD is higher

than its lower bound which is derived in Chapter 3. The robust stability margins of the DOb based robust
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control systems are analyzed by using Tsypkin-Polyak theorem, and it is shown that the stability margin
of the DOb based robust control system is increased as the bandwidth of DODb is increased. Although the
proposed analysis method can be implemented into different plants, such as non-minimum phase plants,
general design constraints cannot be achieved easily. To derive general design constraints of DOb based
robust control systems, unstructured uncertainty based analysis re-considered by using Bode and Poisson
integral theorems. It is shown that the bandwidth of a DOD is limited by the robustness constraint if an
uncertain plant includes time delay and/or RHP zero(s); however, if an uncertain plant includes right half
plane pole(s), then the bandwidth of a DOb has lower bound due to the robustness constraint. Besides,
the performance of a DOb can be improved by increasing its order, yet the robustness deteriorates and the
robustness constraint limits the bandwidth of DOb. The proposed method provides a deep insight into the
robustness of DOb based control systems in a wide range of application area such as non-minimum phase
and unstable plants; however, it suffers by the conservatism that is explained in Chapter 3. The author
believes that the conservatism is not a severe problem, since the proposed method clarifies the robustness
characteristics of a DOb based control system qualitatively. Besides, the conservatism can be lessened
by using more realistic sensitivity function bounds, yet it increases the computational complexity.
Chapter 4 analyzes the DODb based robust motion control systems by using linear control methods.
A new robustness constraint is proposed on the bandwidth of DOb and nominal inertia by considering
practical velocity measurement that is obtained using a LPF. It is shown that the bandwidth of DOb and
nominal inertia are limited by the bandwidth of velocity measurement. As the bandwidth of DODb is
increased, the nominal inertia should be decreased and vice versa. Novel stability analysis are proposed
for the DOb based robust position and force control systems. It is shown that the stability of the DOb
based robust position control system is improved by increasing nominal inertia in the design of DOb;
however, it is limited by the bandwidth of velocity measurement. Therefore, there is a trade-off between
the robustness and stability in the DOb based robust position control systems. Although it is generally
assumed that the robustness and performance are adjusted in the inner and outer loops separately, it is
not true. It is shown that the robustness of the position control system is improved by increasing the
performance controller gain. Robust force control systems are considered, and it is shown that not only
the performance, but also the stability of the force control systems improves significantly by achieving
robustness, i.e., canceling the natural feed-back loop. To estimate environmental impedance, force sensor
and RFODb are used in this dissertation. An RFOb has several superiorities over force sensors, such as

sensorless-force control, force control bandwidth improvement, stability improvement, cost decreasing,
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and so on. The main disadvantage of RFODb is that the dynamic model of servo system should be known
accurately to improve not only the performance but also the stability. In this chapter, a novel stability
analysis is proposed for the RFOb based robust force control systems. As shown in this chapter, high
performance force control systems can be obtained by using force sensors as well. The main advantage
of force sensors is that force control goals can be achieved even if the dynamics of the servo system are
not known accurately.

Chapter 5 analyzes the DOb based robust motion control systems by using non-linear control methods.
Robot manipulators have generally highly non-linear dynamic models, so linear control based analysis
methods do not provide deep insight into the stability of the multi-degrees-of-freedom systems. However,
for the sake of simplicity, linear control methods are conventionally used in the DOb based robust control
problem of robot manipulators. Although non-linear design methods have been considered to estimate
disturbances, the stability of the robust control problem has not been discussed yet. In this approach, it is
assumed that if disturbance estimation is stable, then the robust motion control system is stable. However,
as shown in Chapter 4, the stability of the DOb based robust motion control systems is influenced by the
design parameters of DOb. In this chapter, a novel stability analysis method is proposed by using the
equivalence of DODb and passivity based controllers. A DOb based robust position controller is a special
solution of the passivity based controller design method. It is shown that if a DOb is used in the robust
trajectory tracking control problem of robot manipulators, then the error is uniformly ultimately bounded.
The bound of position control error is adjusted by the bandwidth of DOb and nominal inertia matrix, i.e.,
the position control error is decreased by increasing the bandwidth of DOb and nominal inertia matrix.
If a DOD is used in the regulator, i.e., point to point, motion control problem of robot manipulators,
then asymptotic stability is achieved. To improve the stability of the robust position control systems, the
nominal inertia matrix in the design of DOb should be higher than the uncertain one. Although diagonal
nominal inertia matrix is used in the conventional design methods, this chapter shows that non-diagonal
terms can also be used to increase the nominal inertia matrix, i.e., to improve the stability. As shown
in Chapter 4, the nominal inertia matrix cannot be increased independently due to the practical and
robustness constraints. Therefore, optimal solutions, in which the bandwidth of DOb is maximized and
nominal inertia matrix is minimized without degrading the stability, should be considered to improve the
performance in the DOb based robust position control systems.

As stated above, this dissertation proposes novel analysis and design methods for the DOb based

robust control systems. DOD is one of the most efficient and practical robust control tools, in which the
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robustness of control systems is adjusted intuitively in a predetermined bandwidth. Therefore, it is widely
used in several control applications, specifically in motion control, in the literature. However, although
DOb has long been used in several motion control applications in the literature, it suffers from insufficient
analysis and design control methods; therefore, the applications of DOb based motion control systems
generally depend on designers own experiences. This dissertation provides novel analysis and design
methods for DOb based robust position and force control systems. Although it is generally assumed that
the robustness is crucial in position control systems, it is clarified in this dissertation that the stability
and performance of force control systems are improved significantly by the robustness. Therefore, the
robust controllers are crucial not only for position, but also for force control systems. The validity of the

proposals is verified by simulation and experimental results.
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