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Chapter

Introduction

1.1 Background

In the future, the increasing world population is expected according to the United Nations. Mean-
while, the aging population has been increasing in recent years and various problems such as pro-
ductivity and a lowering of the quality of life (QoL) have been progressing [1]. Especially, not only
Japanese population is decreasing, but also aging population is increasing; thus, worker population is
also decreasing [2].

For such problems, automation of human tasks by the robot has been expanding in industrial fields
until now, e.g., welding, handling, transporting in the manufacturing lines. This automation has
mainly used position/velocity control of the robot. Position/velocity control is high servo stiffness
and the contact objects or the actuator may be broken when contacting the environment. Therefore,
flexible interaction with an environment is not able to be realized. So far, industrial robots have
been used in the fence that human does not enter. Moreover, to expand the productivity, the force
control realizes some applications, such as assembling mechanical parts, grasping, polishing, etc
[3,4]. However, such applications are often used in the fence.

According to the International Federation of Robotics [5], the installation of robots is expanding

and not only manufacturing applications but also cooperative applications have attracted attention
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in the industrial fields [6-10]. The introduction of cooperative robots is progressing in the factory
for helping labor forces. In the past years, the lightweight and flexible manipulator is developed in
cooperative robots of industrial fields. However, the number of cooperative robots installed is still
very low.

Moreover, in recent years, cooperative robots for human-robot interaction are also expanding in
non-industrial fields, such as medical and welfare fields [11-25]. Sankai has developed Hybrid As-
sistive Limb (HAL) for augmenting power of normal persons [17, 18]. The Berkeley Lower Ex-
tremityExoskeleton (BLEEX) is developed by Kazerooni et al. as exoskeleton for military applica-
tions [19,20]. Kong et al. has proposed exoskeleton for patients and old people at Sogang university
(EXPOS) [21]. The exoskeleton is developed based on tendon-driven actuator [22,23]. Kong et al.
has proposed human-assist system (SUBAR) that has large assist torque [24]. Welfare utilization by
robotic technology is also considered as important issues in the Ministry of Economy, Trade, and
Industry [26]. Most important things when using the robots are safety against contacting human and
objects in the coexistence of human and robots.

Human support systems, such as rehabilitation and collaborative/cooperative robots, are essential
to improve our QoL for industrial as well as non-industrial fields. In particular, such applications

require solving issues below.

e Back drivability
e Robustness against environmental stiffness variation

e Stable contact realization without bouncing from free motion.

First, back drivability [27] is defined as a characteristic of being pushed back in a flexible manner
according to the force applied to the actuator. Thus, when realizing high back drivability, it is easy
to manipulate the robot arm by human hands, easily. Moreover, impact torque is reduced. Second,
robust force control is required for stable contact and pushing motion against various environments

because recently, automation of human tasks by robots as well as human-robot interaction, such as
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Figurel.1: Schematic of forward and back drivable motions.

collaborative/cooperative tasks by robots are increasing. There are human impedance and hard ob-
jects, such as iron, rubber, and so on in the environments. Therefore, robustness against the various
environments is important in force control system. Third issue is also related to second issue. Free
motion includes human operation, such as direct teaching motion, and command response of the con-
trol system in non-contact with the environment. It is well known that high-performance force control
system is acceleration-based force control. However, velocity response becomes lamped signal when
step force command is added in the case of acceleration-based force control. Actually, the realiza-
tion of contact control by the constant velocity is important because contact velocity affects impact
torque, greatly. Therefore, even though the force control on the acceleration dimension is realized,
it is necessary to provide a force control system is capable of stable contact for the environment at a
constant velocity. To achieve a stable contact realization without bouncing, velocity and acceleration
need to be brought to zero after contact with an environment.

In this study, force control approaches for three issues are considered. Firstly, back drivability is
discussed. Fig.1.1 shows the schematic of forward and back drivable motions.

In Fig.1.1, a forward drive means normal actuator control that operates according to a command
signal. In contrast, back drive means the actuator control that operates according to a external signal,
i.e.,disturbance or load-side input characteristics. Therefore, realizing high back drivability means

that the robot actuator is able to be easily manipulated by human hand, and the impact force is able to
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be reduced when in contact with the environment. However, the robot requires a high torque density
for high precision, high speed, and assistance by the robot such as a powered exoskeleton. Therefore,
the reduction gear is used for the robot. However, back drivability is deteriorated owing to the friction
increased by the reduction gear.

To overcome these disadvantages, various approaches have been proposed: 1) the development of
a new actuator that has back drivability [28-36], 2) a direct drive motor that does not have reduction
gear [37-39], and 3) an improvement in the back drivability using a robot combined with a load-side
sensors [40—44].

For 1), a high-power and back-drivable electro-hydrostatic actuator has been developed [30, 31].
Such approaches are focused on the development of a high back drivable actuator. In addition, both
force sensitivity and back drivability are evaluated for the development of actuator [32]. This back
drivable actuator is also applied to humanoid robot [33], and the effectiveness is experimentally ver-
ified. The SEA proposed by Pratt et al. satisfies the compliance requirement by using a spring
mounted on the load-side of the gear [34]. Moreover, Kong et al. has developed a rotary SEA and
human-assist motion is realized based on force regulation and disturbance observer (DOB) [24, 35].
Moreover, Miura et al. have developed series clutch actuator (SCA) [36]. By controlling clutch cur-
rent, motor-side and load-side are able to be separated and back drivability is improved. A spiral
motor with high-thrust and high back drivability has been developed [37]. However, it is not easy
to introduce a new back drivable actuator for industrial and rehabilitation/medical fields from the
perspective of view of implementation.

For 2), a direct drive motor is used in haptics in particular [38,39] because it is easy to achieve high
back drivability and high operability; however, a direct drive motor has low-torque density. Thus, the
size of the motor increases in the case of human-robot interactions such as rehabilitation and for a
powered exoskeleton, which requires a large amount of torque.

Approach 3) is easy to introduce in many fields because the load-side sensors (e.g., acceleration

sensor [40], torsion torque sensor [41,42], and double encoder [43,44]) are simply combined with
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an existing robot. In addition, the costs of sensors become low in recent years. Some researchers
have proposed compliance control and force control for improving the back drivability. Additionally,
theoretical evaluation of back drivability is conducted and the back drivability is usually validated
experimentally [32,45]. In [45], ideal back drivability is realized by zeroing the backdrive-resistance
defined by the dynamics of the reduction gear, and this manuscript focuses on the development of
reduction gear that has a small backdrive-resistance. In [32], enhancing the force sensitivity is re-
quired to improve the back drivability and it is necessary to reduce the effect of friction. Although
the improvement of the back drivability is validated, theoretical analysis of the ideal drivability in the
control system is not discussed fully. Moreover, back drivability is not discussed, but improvement
of robot compliance is demonstrated by shaping potential energy through motor position feedback as
well as shaping motor inertia through joint torque feedback [46]. In [46], the authors have focused on
impedance behavior such as mass, damper, and spring.

In stable contact motion, compliance controls that include an impedance control [47-57] and a con-
trol method that switches between position/velocity and force controls are used [58—63]. Compliance
control is effective for interaction to the environmental objects, but it is known that compliance con-
trol becomes unstable in case of stiff environments [56, 57]. Position and force controls are switched
considering the initial values of the integrators for each controller [59]. In addition, position and
force controls are smoothly switched based on the known contact point [60]. For switching control
systems and for emergency stop for robots, collision detection methods have been proposed [61-63].
Collision detection methods use momentum-based disturbance observer and an impedance control is
used after collision detection [62]. However, it is difficult to construct a control system without a
switching controller that is able to stop the actuator in a continuous/smooth fashion after contacting
the environment for human-robot interaction such as direct teaching and rehabilitation, etc. Switch-
ing controller-less control methods are promising for realizing smooth contact motion. Cascade force
control and compliance control are effective for stable contact realization, such as direct teaching and

rehabilitation, but force response is slow and back drivability is also low. This is because of using
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velocity feedback or virtual viscosity that reduce the back drivability.

Meanwhile, for cooperative and human-robot interaction applications, the realization of the stable
contact is also needed, and such applications that use force/torque controls have gained popularity in
both industrial and non-industrial fields. These include polishing, deburring, and assembling in human
task automation, and there are direct teaching and collaborative operations in human-robot interaction
[3,4,9,10]. As these applications consider the contact motion against the environment, it is necessary
to consider the environmental dynamics when designing the force control system that includes contact
motion, such as teaching operation including contact with the environment for polishing motion as
one of the application tasks. Generally, the robot actuators are modeled as a two-inertia system. Thus,
stable force control requires vibration suppression for these applications [64—72]. The state feedback
is widely used for vibration suppression [65, 66]. Moreover, the vibration suppression method has
been proposed based on wave equation [70, 71]. Two degrees of freedom (DoF) control based on
DOB have been proposed [67-69]. The resonance ratio control (RRC) proposed by Yuki et al. is used
as an effective vibration suppression method [64,72,73]. In this RRC, the resonance ratio in position
control is determined as /5 and the motor-side inertia is regulated by the resonance ratio gain. The
RRC achieves a robust and smooth position control. On the other hand, the resonance ratio in force
control is determined as v/6 and smooth force control is achieved [64]. However, this control system
needs an inverse system to achieve smooth force control. The RRC in [64,72] is constructed using
acceleration control based on DOB [75,76]. Meanwhile, in recent years, the sensor has made strides
in accuracy and cost efficiency. The double encoder system provides vibration suppression by self-
resonance cancellation [77]. Vibration suppression using acceleration sensor is also developed [78].
Moreover, force control for contact with environment is improved by acceleration [79-81]. The
spring ratio control has been proposed by combining instantaneous state observer (ISOB) based on
an acceleration sensor for stable force control [40]. In addition, the smooth contact control including

contact process is proposed by switching force control and velocity controls [82].
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1.2 Motivation of This Dissertation

In the previous section, the environmental interaction control requires satisfying back drivability,
robustness against environmental stiffness variation, stable contact realization without bouncing free
motion. However, the environmental interaction control that satisfies three issues has not been pro-
posed. In addition, in recent years, owing to improved cost and performance of the sensors in terms of
safety and reliability, it is hopeful for a further stable human-friendly system. The research objective
in this dissertation is to realize the stable environmental interaction control that satisfies the above is-
sues using a geared surface permanent magnetic synchronous motor (SPMSM) with a torsion torque
sensor [83], which is mounted at the load side of the gear shaft.

High Back-Forward Drivable Torsion Torque Control
As mentioned in previous section, the back drivability is experimentally discussed, but ideal back
drivability in the control system is not discussed fully. Especially, force control based on acceleration
control is well known as the robust force control. This control concept is based on the Newton’s
law, i.e., F' = ma, not including spring and damper. However, back drivability is not discussed on
the dimension of acceleration. Moreover, definition of back drivability in the two-inertia system is
not suitable for evaluating the environmental interaction control. In the dissertation, drivability for
two-inertia system is defined as bidirectional drivability matrix, firstly. Load-side input characteristics
are important for evaluating the environmental interaction performance in the control system. Thus,
back-forward drivability, i.e., a;/ Tf“ is focused to evaluate the environmental interaction control. In
addition, the vibration has occurred in case of using conventional back-forward drivable control based
on acceleration control. To realize the ideal back-forward drivability, back-forward drivable torsion
torque control is proposed for achieving vibration suppression as well as back-forward drivability.
This approach is designed neglecting the environmental dynamics. Back-forward drivable response

is drastically improved by back-forward drivable torsion torque control.
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High-Robust Back-Forward Drivable Torsion Torque Control against Environmental Stiff-
ness Variation
For realizing stable contact and pushing motion for various environment, it is necessary to consider
the environmental dynamics in the force control design. Moreover, the manipulator modeled as two-
inertia system needs vibration suppression control. Conventionally, force control based on RRC and
ISOB using acceleration sensor is proposed. This approach uses the external torque feedback and
back-forward drivability on acceleration is realized. However, there is unstable condition against en-
vironmental stiffness variation. In the dissertation, equivalent RRC (ERRC) is proposed based on the
torque-velocity duality for improving robustness of environmental stiffness variation. The ERRC is
constructed from two-spring system using motor-side velocity control. Motor-side velocity control
is collocated side; therefore, back-forward drivable torsion torque control using ERRC is proposed
and the control stability is improved. As a result, robustness of environmental stiffness variation is
improved.

Stable Contact Realization using Force Impulse Based on Back-Forward Drivable Torsion
Torque Control
To achieve stable contact motion without bouncing to the environmental object, the switching con-
troller or compliance controller is mainly used. However, realizing stable contact control using only a
single controller is hopeful for reducing the control complexity. Compliance control deteriorates the
back drivability due to the use of impedance parameters, including damper. Thus, back drivable and
stable force control system is required. For stable contact realization without bouncing phenomena,
velocity and acceleration need to be brought to zero after contact with the environment. However, in
case of focusing on Newton’s law: F' = ma, acceleration is also regulated to zero, but velocity does
not become zero when the force is regulated to zero. This is because velocity has two conditions:
w = 0 or # 0 when a = 0. It means ideal back drivable control is not able to realize the stable contact
motion because bouncing phenomena has occurred when contacting the environment. Therefore, for

achieve the stable contact motion, force impulse is focused and stable contact control using force im-
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pulse based on back-forward drivable torsion torque control is proposed because that velocity is also
controlled by controlling force impulse. The force impulse control based on back-forward drivable
torsion torque control realizes both stable contact and back drivable motions, such as direct teaching

operation for polishing motion.

1.3 Chapter Organization of The Dissertation

[chapterl]
Introduction

[chapter2]
Force Control for Environment
Interaction and Its Issues

l For Human l For Environment

[chapter3]

High Back-Forward Drivable
Torsion Torque Control

[chapterd4]

High-Robust Back-Forward Drivable
Torsion Torque Control Against
Environmental Stiffness Variation

l For Human and Environment 1

[chapter5]
Stable Contact Realization using Force Impulse

Based on Back-Forward Drivable Torsion Torque Control

-

[chapter6]
Conclusions

Figurel.2: Overview of dissertation.

The dissertation is organized as shown in Fig.1.2. Chapter 1 introduces the background and objec-

tive of the research. The outline of the Thesis is also described.
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Chapter 2 discusses ideal drivability in single- and two-inertia systems focusing on acceleration-
based force control. This chapter describes the force control system based on external torque feedback
that has back-forward drivability on acceleration. Conventional force control systems for environment
interaction are indicated. The environment includes humans and contact objects, such as iron, rubber,
and so on. This chapter discusses some problems of conventional force control in human and envi-
ronmental interactions. Furthermore, this chapter indicates the back-forward drivable torsion torque
control that is the proposal in this dissertation. The force control approaches that satisfy three targets
are realized by the back-forward drivable torsion torque control.

Chapter 3 focuses on only realizing ideal drivability, and high back-forward drivable torsion torque
control is proposed. Proposed back-forward drivable torsion torque control achieve the vibration
suppression while maintaining back-forward drivability defined in the dissertation. The effectiveness
of proposed method is verified through the numerical simulations and experiments.

Chapter 4 describes the high-robust back-forward drivable torsion torque control against the envi-
ronmental stiffness variation. This force control is based on the torque-velocity duality and is designed
considering environmental dynamics for ensuring the robustness against the environmental stiffness
variation. The effectiveness of proposed approach is verified through robust stability analysis using
open-loop characteristics, numerical simulations and experiments.

Chapter 5 discusses the force control approach that realizes the back-forward drivability and sta-
ble contact realization. This approach employs the force impulse controller based on back-forward
drivable torsion torque control. This target example is considered as a direct teaching operation for
polishing motion. The proposed stable contact control is constructed by the force impulse controller
based on the torsion torque controller and ERRC. Therefore, back-forward drivability, as well as
the robustness of environmental stiffness variation, are also achieved. The stable contact motion is
verified by numerical simulations and experiments.

Finally, in Chapter 6, the contribution of the dissertation is summarized and future issues are de-

scribed.
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Chapter2

Force Control for Environment Interaction

and Its Issues

2.1 Introduction

This dissertation aims to realize high back-forward drivable torsion torque control systems for
applications of environment interaction, such as direct teaching for polishing motion, as shown in
Fig.2.1. There are humans, soft objects, hard objects, etc, in the environment. For environment in-
teraction, the flexibility of the robots that are capable of external input and interaction to the various
environments is required. Currently, force control design considering the vibration modes of the ma-

nipulator is required according to the high performance of robot motion control. The motion control

Text
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e : Mot Environment
Motor Motor Environment oror
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Figure2.1: Example of interaction control from free motion to stable contact with the environment.
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of the manipulator so far utilizes position/velocity controls. Therefore, a force control system employs
the cascade force control that is designed at the outer loop of position/velocity controls from the ease
of introduction in industrial fields. The cascade force control is applied for assembling, deburring,
pushing applications. In addition, compliance control is also utilized based on position/velocity con-
trol in minor loop. These systems are a cascade-type control system, and stable contact motion is
realized. However, the control bandwidth of minor-loop is limited due to vibration modes in the plant
system. As a result, control performance in force/compliance controls of the outer loop is also limited
by the control performance of the minor-loop system. Back-forward drivable control system is not
able to be achieved.

In this dissertation, a conventional high-performance force control approach that is not cascade
system is discussed and some issues are summarized to improve the performance of environmental
interaction control. This chapter firstly introduces the general force control based on acceleration
control.Force control based on acceleration control is discussed on single- and two-inertia system. In
addition, to achieve stable contact with environmental objects, force control design is required con-
sidering the environmental dynamics. Currently, the RRC is widely utilized for vibration suppression
and stable force control based on RRC has been proposed for a two-inertia system with the environ-
ment. However, robustness against the environmental stiffness variation is not considered. In this
chapter, conventional force control based on RRC is discussed and some issues are summarized. Fi-
nally, to overcome the above issues, back-forward drivable torsion torque control is discussed in this

dissertation.

2.2 Force Control Based on Acceleration Control in Single-

Inertia System for Human Interaction

First of all, force control based on acceleration control in single-inertia system is discussed. Accel-

eration control is generally realized based on the DOB. Force control based on acceleration control is
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widely used for real world haptics, industrial application and human-robot interaction. Fig.2.2 shows

the block diagram of DOB in single-inertia system.

'Motor-side

|
|
jref !

Disturbance Observer (DOB)

Figure2.2: Block diagram of DOB in single-inertia system.

In this figure, K;, J,,, gam denote the torque constant, motor-side inertia, and bandwidth of DOB,

respectively. Here, the motor-side disturbance 7% is defined as

7his — evt 4o A s — MKy, (2.1)
Tfm = mem -+ Tf, (22)

where AJ,,, AK,, Tf‘“, Tfm»> Dm, and 7y are motor-side inertia variation, torque constant variation,

external torque, friction torque, motor-side viscosity, and nonlinear friction. The motor-side distur-

bance 74 is estimated using current 4, and motor-side velocity w,, as follows:
~dis __ Gdm .
Tm — (Ktnlq + Jmngdmwm) - Jmngdmwm' (23)
5+ Gam

From (2.3), the DOB estimates the motor-side disturbance Tr‘ffs using motor current ¢, and motor-side

velocity w,,. The motor-side disturbance is able to be compensated by feeding back the estimated
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disturbance torque to motor current; thus, the motor-side parameters are normalized and robust control

system is realized. Here, the estimation dynamics L4, of DOB is calculated as

~dis
Lan(s) = Ji = 00— 2.4

Then, force control based on acceleration control is shown in Fig.2.3.

z—ext

Figure2.3: Block diagram of DOB-based torque control in one-mass system.

Here, let us consider the back drivability of force control system in Fig.2.3, where the motor-side
disturbances except the external torque is neglected. According to [27], back drivability is defined
as a characteristic of being pushed back in a flexible manner according to the force applied to the
actuator. In Fig.2.3, back drivability is able to be defined as the characteristics from external torque

77 to the motor-side acceleration a,,. Thus, the back drivability Gy, (s) = a,, /7" is derived as

A, 1 1 s+ JnCi9am
G = = —CiLgn(s) — —(1 — Lgn, = 2.5
(8) = 55 = ~CiLan(s) = (1 = Lan(s)) = =3~ 275 23)
From (2.5), torque gain C} is set to Cy = 1/.J,,,. Then, (2.5) is rewritten as
Gy(s) = o S (2.6)
Ct=1/Jm T C=1/Tm Im S+ gam Iin

Therefore, back drivability is equivalent to single-inertia system without friction. This means human
feels the resistive force of only single inertia and human is easy to manipulate the actuator. Therefore,
the realization of ideal back drivability is to normalize single inertia without friction.

Meanwhile, actual manipulator is modeled as two-inertia system. Ideal drivability is considered in

two-inertia system.
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2.3 Force Control Based on Acceleration Control in Two-Inertia

System for Human Interaction

2.3.1 Definition of Ideal Drivability

From previous section, ideal back drivability is assumed under Newton’s law of F' = ma, not
including the friction and spring, and back drivability is defined as the characteristics from external
torque 7" to the motor-side acceleration a,,. This is because the characteristics from the external
side to the actuator side are evaluated.

Here, this section considers back drivability in two-inertia system shown in Fig.2.4.

| Torsion
\ Torque sensor

|
:Reduction
Gear

U |

Figure2.4: Block diagram of two-inertia system.

In Fig.2.4, two-inertia system has two inputs and two outputs. Input signals are motor torque 7,,
and the external torque 7**. Output signals are motor-side acceleration a,,, and load-side acceleration
a;. However, the back drivability is defined as the external torque 7 to the motor-side acceleration
Uy 1.€., Gp(S) = a,,/77*". When evaluating the human-interaction performance, the motion of the

robot is easy to understand by evaluating the load-side output, intuitively. Therefore, human-robot
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Figure2.5: Concept of back-forward drivable motion.

interaction performance in the two-inertia system is not able to be evaluated by the back drivability.

Thus, the controlled system for two-inertia system is evaluated using the bidirectional drivability
matrix (BDM) [84], as shown in (2.7).

el
Am Tm

where a,,, a;, T, and 777" denote the motor-side acceleration, load-side acceleration, motor-side

Gop(s)  Gy(s)
Gi(s) Gpp(s)

torque, and external torque, respectively. The matrix elements are: Gys(s) = a;/7*": back-forward
drivability, Gy(s) = a,,/77*": back drivability, G;(s) = a;/7,: forward drivability, and G (s) =
am/Tm: forward-back drivability, respectively. In addition, G ,(s) and G(s) are the transfer func-
tions related to the command response, and Gy¢(s) and G (s) are the transfer functions related to the

human interaction. Here, ideal drivability is defined as the control goal following to:

1 1 exr
1 1 ’ :
Am ng - T

where R, J,,, and Ji,, denote the gear ratio and the nominal values of motor-side inertia and load-side

inertia, respectively. In (2.8), Gf,(s) and G(s) are based on 1/.J,,,,, because these are characteristics
from the motor-side (actuator-side) input to the motor-side or load-side output. In addition, Gy(s)
and G,(s) are based on 1/.J;,, because these are characteristics from the load-side input to the motor-

side or load-side output. This paper considers human interaction, as shown in Fig.2.5, and uses the
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external force as an input. This concept assumes the direct teaching operation, cooperative operation
with human, etc. When evaluating the human-interaction system modeled as two-inertia system, the
motion of the robot is easy to understand by evaluating the load-side information, intuitively. This
chapter focuses on improving the back-forward drivability for human interaction. For human inter-
action, it is desirable for the frequency characteristics of back-forward drivability to remain constant
without a vibration effect within the entire frequency range. Therefore, the ideal back-forward driv-
ability for human-robot interactions is defined as shown in Gy ¢ (s) of (2.8), i.e., G¢(s) = 1/.Jy;,. This

means that single inertialization of two-inertia system.

2.3.2 Disturbance Observer in Two-Inertia System

Actual external torque feedback control is generally used for improving the back-forward drivabil-
ity. In particular, force control based on acceleration control is well known to be a general robust
force control system, where a DOB is used [85—89]. This section analyzes the two-inertia system
employing a DOB and back-forward drivable control based on load-side torque control.

First, Fig.2.6 shows a block diagram of the two-inertia system employing a DOB, where J;, K,
R, denote load-side inertia, torsion spring constant, gear ratio, respectively. The disturbance torque
in two-inertia system is defined as

7_;[17;3 = s + Tam = s + Tpm + AJ 5wy, — AKtim (2.9)
R, R,

where 7, is the torsion torque. For simplicity, this study only considers the viscous friction. The

back-forward drivability of Fig.2.6 is derived as

2 Dm KS
18 +(gdm+—m>5+ )
Gros(gy — 4 _ _ L J Im By (2.10)
bf Tlezt Jl DeDnOB (5)
D 1 1 K D
DPOB () — ¢3 ( . _m> 2 Ks<— _> —S< m —m> 2.11
o (s) =87+ ( gam + T 5+ JmR§+Jl 5+ 7 9a +Jm (2.11)

Fig.2.7 shows the Bode diagram of two-inertia system-controlled DOB. As shown in (2.10) and

Fig.2.7, G{}°"(s) does not have a steady-state term. The concept motion is not achieved in G3;°”(s)
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Figure2.6: Block diagram of two-inertia system applied DOB.
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Figure2.7: Bode diagram of back-forward drivability in two-inertia system controlled DOB. Black

and green lines are two-inertia system applied DOB and ideal value such as 20log(1/.J;,, ).
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because the DOB compensates the disturbance, including the external torque. Therefore, the back-

forward drivability is decreased when using the DOB-based control system for a two-inertia system.

However, forward-back drivability is improved by DOB. Therefore, the back-forward drivable con-

trol based on load-side torque control (LTC) improves the back-forward drivability feeding back the

external torque to the acceleration reference.

2.3.3 Load-side Torque Observer

This section explains a load-side torque observer (LTOB) for estimation of the external torque

in conventional back-forward drivable control system. The state equations of the plant system is

expressed as

l"l = All’l -+ Blul
y = Ciy
ext

T

U = Wm, Y = Ts

0 —-K; 0
A= Jlfl 0 —Jlfl
0 0 0

(2.12)
(2.13)
(2.14)
(2.15)

(2.16)

(2.17)

(2.18)
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In (2.12)—(2.18), the input vector and output vector are u; = w,, and y; = 7,. From (2.12)—(2.18), the

state equation of the external torque estimation is expressed as

I = Aqi; + Baua (2.19)
ya = Cay (2.20)
b= A @ e ]T (2.21)
Uar = [win 75)", yar = 7 (2.22)
(Ll ly) —Ky O
Ag = ‘lllﬁgiiﬂsh 0 _Jz:Ll (2.23)
[ KaR;Y L4l +1s
By — 0 % _ zlzz+%i+lgzl (2.24)
0 Jinlilals
Ca=]00 1] (2.25)

where [1, l5, and I3 denote the observer poles. Observer poles are determined as (s+17)(s+12)(s+l3) =
0. In this paper, observer poles are designed as [; = [, = I3 = g4, where g4 denotes the bandwidth

of the LTOB. The LTOB is able to estimate the external torque using (2.19)—(2.25).

2.3.4 Back-Forward Drivable Control Based on Load-side Torque Control

using Motor-side Acceleration Control

Fig.2.8 shows a block diagram of back-forward drivable control based on an LTC using motor-side
acceleration control. This system comprises a DOB-based motor-side acceleration control, load-side
torque observer for detecting external torque, and a load-side torque controller. From Fig.2.8, the

back-forward drivability is derived as

CthI (5 + gdm)

1 K
QLTC gy — M _ [ s
bf ( ) Tlext (5+gdl)3 Jl

]‘ 2 Dm Ks 3 1
—l—js{s +<gdm+ 7 )s—i- }(s+gdz)}

DDOB(s) (220
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Figure2.8: Block diagram of back-forward drivable control based on load-side torque control.

in which, assuming g4, as ideal, (2.26) is able to be expressed as

lim GE7C(s) = lim ﬂt
Gdm—>00 9dm =09 T)
- C’tgdl s%(s+ ga)?®
- (52 + )(s + gar)?
= _% [1 — {wis?’ + 3daw;s® + 3ggwas + ga(ws — K Ct>} 2 4 Ko 1 3]
<s + 7 )(8 + ga1)
(2.27)

where, anti-resonant frequency and torque gain are assumed as w, = /K /J;, C; = 1/J,, and

J; = Ji,. Thus, (2.27) is written as

lim GLTC( )= lim ﬂt
Gdm—00 Gam—ro0 Tf*
_ 1 { wa  s(s* + 3gas + 393) }
J; s? 4+ w? (s + ga)?

_ 1 N 1 wi  s(s*+ 3gas + 3931)' (2.28)
Jp Jp st 4 w? (s +ga)?

From (2.28), the back-forward drivability has a steady-state term in the first term and has a vibration

term of a sinusoidal wave in the second term. Figs. 2.9 and 2.10 show the back-forward drivable
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Figure2.9: Experimental results of back-forward drivable response in Fig.2.8. (a) Load-side

torque. (b) Load-side acceleration. (c) Load-side velocity. (d) Torsion torque.

response and a Bode diagram of the back-forward drivable control based on a LTC. As shown in

Fig.2.9, the back-forward drivability is improved by external torque feedback and the concept of
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Figure2.10: Bode diagram of back-forward drivable control based on LTC. Black and green lines
are conventional back-forward drivable control based on load-side torque control and ideal value

such as 20log(1/J,,).

Fig.2.5 is achieved. However, the vibration occurs due to influence of resonant frequency w, (see
(2.28)). Moreover, when the bandwidth of the DOB is ideal, the acceleration with regard to the

load-side acceleration is expressed as

s

E_l{al(s)} = E_l{#a;ef(s)}
l
- waﬁl{ﬁawg}a;ef(t)

— W sinw,t - al (1), (2.29)
where a]/ (t) = 6(t). Here, (2.29) indicates that the DOB-based back-forward drivable control
method has the effect of amplifying a load-side vibration because the DOB cancels out the passing
from the load-side to the motor-side. Therefore, the back-forward drivable control based on the LTC is
able to achieve the target value of back-forward drivability under a steady state, i.e., Gyf(s) = 1/J,.
However, the target value of back-forward drivability is not achieved during a transient state. In-
fluence of vibration is reduced using velocity feedback and virtual impedance controller [88], but

back-forward drivability in the definition is not able to be realized. This is because the velocity feed-

back gain deteriorate the back derivability. Thus, it is necessary to achieve the vibration suppression
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Figure2.11: Block diagram of RRC of two-inertia system (conventional).

while maintaining the back-forward drivability, i.e, Gyf(s) = 1/Jiy,.

2.4 Force Control Considering Environmental Dynamics for En-

vironment Interaction

To interact the environmental object, not only considering the environmental dynamics, but also
enhancing force control performance are required. In general, manipulator is modeled as two-inertia
system; thus, it is necessary to apply the vibration suppression control. For vibration suppression, full
state feedback, resonance ratio control (RRC), two DoF control, etc, have been proposed. Especially,
the RRC proposed by Yuki ef al. [72] is well-known as simple and effective vibration suppression

control [73,74]. In this section, conventional force control based on RRC [40] is discussed.

2.4.1 RRC without Environment

This section initially describes the RRC that does not consider interaction with the environment, and
discusses the conventional load-side torque control based on the RRC. The RRC shown in Fig.2.11

is mainly utilized for velocity and position controls. The transfer function of Fig.2.11 is expressed as
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follows:
W %a(sQ + %) B Ktoz(s —i-wg) 2.30)
Tref T a 1 T 5(s2 + (wRRCH?) :
)
v {err(E 7))
K.« K K K
RRC _ s Ds s s 2.31
W, \/JmR§+ 7 \/J;nRg—i— 7 ( )
K, /
Wo =\, J,, = Im /v, (2.32)
Jp

where w, and w?7¢ denote the anti-resonant and the resonant frequencies of RRC without environ-
ment, respectively; and J,/n is the controlled motor-side inertia by RRC without environment. The

R

resonant frequency w/*#¢ in (2.31) is regulated by the resonance ratio gain .. Therefore, the reso-

nance ratio H, is easily determined from H, = w?%C /w,.

2.4.2 Load-side Torque Control Based on RRC (Conventional)

To achieve the force control, the two-inertia system including the environmental dynamics are first
considered. The RRC with the environment is shown in Fig.2.12, wherein, the conventional load-side
torque control is utilized, as shown in Fig.2.13, using the torsion torque and acceleration sensors. In
this study, the load-side torque control is evaluated by measuring the torsion torque and load-side
acceleration sensors. The external torque 77" is calculated using torsion torque and acceleration
sensors, i.e., Tle” = 75, — Jipa;. Furthermore, as the bandwidth of acceleration and torsion torque

sensors is 1.0 kHz, the sensor dynamics are neglected. The closed-loop transfer function G<Cov-(s)
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Figure2.12: Block diagram of RRC in two-inertia system with environment (conventional).

from the load-side torque command 77 to the external torque 77" is derived as

ext wgeKsKtKifa
T, Jm R
Gqc_l,Conv. s) = l — m-tg (233)
( ) 7_lcmd DglﬁComJ.(S)
K. K,ra Ka
cl,Conv. N thofC 4 2 s 3
D¢y (s)=s +TS —l—(war—i-Jng)s
KK, o K,a(K I, + Ry KK Kipa
+ (A)g,rJ—mSQ + wge Jng I Lo+ wgeTRg (2.34)
_ 85 + azl,Conv.gl,L + agl,C’om}.g?, + &gl,Conv.SZ + ail,Conv.s + a(c)l,Com), (235)
War = M (236)
Jp
K.
Wae = TZ (237)

Here, the control gains are designed using the stability indices as utilized in [90,91]. The stability

- : : ,Con. 1,Conv. _cl,Conv.
indices 7; and an equivalent time constant 7. are defined as 7; = (a;""”"")?/(a;27 """ a7 ") and

T, = ail’com" /ag’=00"“-, respectively. Compared with the stability indices, (2.34), and (2.35), the

control gains in case of binomial design [91] are given by
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Figure2.13: Block diagram of load-side torque control based on RRC (conventional).

T R 4, R2
o= i 9 (y3y4 — 1)w2,,_ = Tngwfw (2.38)
K. .= = V2" 2.
uf OéKm \/%74(")@7’ 2 \/_Osz Wagr ( 39)
Ko 1 (JmnRglwcuf;T 1 )
T, K, avw? R,
1 /5 JpnRy 1wh 1
- _— (= —Zar 2.40
K, <2 Ky, aw?, Rg> ( )
Ry 1 5 B 1 5
Kif _ g V4 War g War (2.41)

B KsnKtn a 717%\/% wczw B KsnKtn 4\/5@ W_ge’
where, the stability indices are following values: v; = v4 = 2.5 and v, = 73 = 2.0. These stability

indices are determined based on binomial design indicated in [91]. Then, the equivalent time constant

is calculated as

1 5V2

war war

Te = M1Y2V/ 73 (2.42)
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2.4.3 Problem Formulation in RRC with Environment

This section evaluates the resonance ratio in the RRC with the environment. In the RRC with
environment, the transfer function from the motor current 7Z€f to motor-side velocity w,, 1s derived
from Fig.2.12 as follows:

K o g2 2
Wi 7S (s + war>

".’7«_6f 84 + d282 + d()

1q
%8(82 —+ ng>
_ ™ 2.43
(& T @RFOR) (2 + (O (2:49)
K. + K, K K K,
dy = dy = 2.44
2 J; + JLR2 T T JiR? (2.44)

WERC \/ % <d2 - 4d0> (2.45)
WERC \/ % (dg /&2 — 4d0) (2.46)

/

g = Jn /o (2.47)

In (2.43)—(2.47), the motor-side inertia is able to be controlled by the resonance ratio gain «, but the
two-inertia system with the environment has two resonant frequencies wﬁRC and wffc; therefore, it
is necessary to consider the two resonant frequencies (2.45) and (2.46) for force control design. In
addition, it is difficult to determine the optimal resonance ratio /, considering two resonant frequen-
cies. This study considers the method suggested in [40] to evaluate the resonance ratio between w5
and w,, for the conventional method. Thus, the resonance ratio is calculated by inserting (2.38) to

(2.46), as follows:

RRC 1 ——

Y374 Y374\2  Ke(ysya— 1)
— |2 JBHNT el T ) 2.4
2y (2 e a5

(2.48) show that the resonance ratio considering the environment depends on the torsion stiffness /{
and environmental stiffness K. Therefore, the load-side torque control based on the RRC considering

the environment cannot uniquely determine the optimal resonance ratio.
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To realize the stable force control, it is necessary to evaluate their robustness against the environ-
mental stiffness variation (i.e., K, variation). This section evaluates the gain and phase margins for
the conventional load-side torque control based on RRC under the K. variation. Moreover, robust

stability analysis is conducted.

2.4.4 Back-Forward Drivability of Conventional Load-side Torque Control

Based on RRC

To confirm the high-performance force control or not, back-forward drivability is evaluated. If
there is back-forward drivability on acceleration dimension, the load-side torque control system is
high-performance. According to Section 2.3.1, back-forward drivability on acceleration dimension

should be satisfied. Back-forward drivability of Fig.2.13 is derived as

3 KtKUfOé 2 KSCV KsKthfOé KsKtKifOc
s Suls? s+ SR ) s+

ay
G (s) = —g = —— (2.49)
7 Jio g Koz ( e —JKS;;“Q)s =
m g m
KtK,U 11—« s KSKtK e s o Ku Kz
-—={1- Jf»E 2 + G = m e e G - R_gf)} (2.50)
o J KK, Ksa KsKiKy,fa ' ’
l 3+ ’f] f2+<l+JmR§>S+#sz
Here, back-forward drivability in steady state is calculated as
1 1 1 (K.+K,)?
lim sGCo™ (5)= = — (K. + Ks) 2.51)

50 s Jimndys KK,

From (2.51), back-forward drivability of conventional load-side torque control based on RRC depends
on K. and K. Therefore, in the case of the conventional load-side torque control based on RRC,
it is necessary to adjust the back-forward drivability according to environmental dynamics. From
(2.50), bode diagram of back-forward drivability in conventional load-side torque control is shown in
Fig.2.14.

In Fig.2.14, back-forward drivability has constant value at low-frequency region and back-forward
drivability on acceleration dimension is realized. Therefore, Fig.2.14 show that conventional load-side

torque control based on RRC is high-performance force control system. However, the K. variations
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Figure2.14: Bode diagram of back-forward drivability a;/ in conventional load-side torque

control based on RRC.

have not verified in this system. For environment interaction, it is necessary to satisfy the robustness
against the K, variation. Next, the robust stability against the environmental stiffness variation is

considered.

2.4.5 Gain and Phase Margins for Conventional Load-side Torque Control
Based on RRC

Gain and phase margins [92] are evaluated against the open-loop characteristics of the whole system
shown in Fig.2.13. In the conventional method shown in Fig.2.13, the open-loop transfer function
GorConv-(g) = rpot [remd from the load-side torque command 77™¢ to the external torque 77 is

derived as

ext

4
Ggpvc‘m“'(s) _ Timd _ ngp,Conv./<85 + Z d;)p,Conv.Si> (252)
=1

Ty

(2.53)

- ae

dtl)p,Com;. o w2 < aKs OéKsKthf>

_l’_
JnR2 IR,
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Figure2.15: Bode diagram of open-loop transfer function in conventional method. (a) Overview.

(b) Enlarged view.

9 aKtKUf

depeen = ;2 T (2.54)
dPOom = W2 4 {Zf;z (2.55)
e = %ff (2.56)
ngeon — wge%. (2.57)

The Bode diagram of (2.52) is shown in Fig.2.15 and Table2.1 lists the gain and phase margins of

the conventional method. This section observes that the gain margin decreases when K. increases



32

Chapter2 Force Control for Environment Interaction and Its Issues

Table2.1: Gain and phase margins of conventional load-side torque control based on RRC.

K,

Gain margin, dB

Phase margin, deg.

0.5Kon
1.0K,,
2.0K,,
3.0K,,
4.0K,,
5.0K,,
55K,

12.249
11.789
10.647
9.032
6.469
1.217
—5.508

52.796
66.937
76.301
79.585
81.227
82.209
82.565

beyond K., until it finally becomes negative at K. = 5.5K,,, indicating that there is no gain margin.

Therefore, the stability in the conventional method is restricted by the variations in K.

2.4.6 Robust Stability Analysis using Small Gain Theorem in Load-side

Torque Control Based on RRC

In addition, to evaluate the system uncertainty [93], the small gain theorem is considered. System

uncertainty is considered as /. variation.

First, Fig.2.16 shows the block diagram of general plant for evaluation of small gain theorem.

S
KO ;=1,3<s>f B

Figure2.16: Block diagram of general plant for evaluation of small gain theorem.

Model error is defined as multiplicative variation A(s). From Fig.2.16, block diagram of small

gain theorem is shown in Fig.2.1

7.



2.4 Force Control Considering Environmental Dynamics for Environment Interaction 33

—1AG)

G

Figure2.17: Block diagram of small gain theorem.

Here, A(s) is defined as

P(s)— P,
A(s) = %. (2.58)
Moreover, in Fig.2.17, G(s) is expressed as
. K(S)Pn(s)
(s) = 1+ K(s)P.(s) (2.59)

(2.59) means the complementary sensitivity function. Here, G(s) is redefined as 7°(s). Small gain

theorem need to satisfy the following equation to:

ATl = |80 ]| <1 2:60)
()] < 1207 261

Therefore, the robust stability is achieved by satisfying (2.61) in the control system. In this study,
to evaluate the robustness against the K, variation, 7'(s) and A(s)™! in (2.61) are compared in the
control system. In this analysis, general system G2:¢"(s) = 77% /77m4 of conventional load-side
torque control based on RRC is defined, as follows:

Tleatt

GZZ’:Conu,(S) — Cmd — ngﬁConv /(S + Z dop ,Conv. 'L) (262)
l

(2.62) is expressed at all nominal values. Therefore, the multiplicative variation A“""(s) and com-

plementary sensitivity function 7°°"*"(s) in conventional method are calculated as

G;)_p,Com;. (8) _ G;)_;;L,C’onv. (8)
Gﬂo_;z;l,Conu (8)
G;)_];L,Conv. (8)
+ G?_%Conv. (S) )

AC(5) = (2.63)

TEm(s) = (2.64)
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Figure2.18: Bode diagram in terms of 7C°""(s) and (A““™"(s))~! in conventional method on K, variation.

where GP¢°"(s) is open-loop transfer function of conventional load-side torque control in case of
K. # K.,. From (2.64), Fig.2.18 shows bode diagram in terms of 7°°""(s) and (A“°""(s))~! in
conventional method on K variation. As shown in Fig.2.18, 7" > (A®™-)~! when K, = 5.5K,,.

Namely, conventional load-side torque control based on RRC in case of K, = 5.5K,, is unstable.

2.4.7 Numerical Simulation and Experimental Validations in Case of Nomi-

nal Design

Next, this section indicates the numerical simulation and experimental results in terms of conven-
tional load-side torque control based on RRC in case of nominal design. Numerical simulation and
experimental parameters are listed in Table2.2. Fig.2.19 shows the numerical simulation and exper-
imental results in terms of conventional load-side torque control based on RRC in case of nominal
design. These results are observed to verify that the control system is realized as designed. Compared
with Fig.2.19 (a) and Fig.2.19 (b), numerical simulation and experimental results are same response.
Moreover, smooth and fast force control responses are realized. This is because back-forward driv-
ability is ensured on acceleration dimension. Thus, this section verified that the conventional load-side

torque controls have been achieved as designed.
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Table2.2: Numerical simulation and experimental parameters in conventional load-side torque

control based on RRC.
Nominal environmental stiffness K, | 2592 Nm /rad
Anti — resonant frequency War | 312.62 rad/s
First resonant frequency wp | 67.50 rad/s
Second resonant frequency wro | 357.96 rad/s
Bandwidth of MNC Gam | 628 rad /s
Equivalent time constant of Binomial Te | 5V?2/war
Resonance ratio gain of Binomial « 11.18
Velocity feedbackgain of Binomial K, 10.029
Torque proportional gain of Binomial K, (0.034
Torque integral gain of Binomial Ky | 3.30
Resonance ratio of Binomial (Eq.(2.48)) | H, |2.20

Next, numerical simulation against K, variation is confirmed.

2.4.8 Numerical Simulation Validation on K. Variation.

Fig.2.20 shows the simulation results of stability analysis in conventional load-side torque control
based on RRC.

From Fig.2.20 (a), the conventional load-side torque control is observed to be stable at K, =
5.0K.,; however, vibration is a bit observed. In contrast, load-side torque control becomes unstable

at K, = 5.5K,,. Therefore, it is necessary to consider the more stable force control for K, variation.

2.5 Force Control Based on Back-Forward Drivable Torsion

Torque Control

From above, external torque feedback is able to improve the back-forward drivabililty and force

control performance. However, acceleration-based load-side torque control has vibration and load-



36 Chapter2 Force Control for Environment Interaction and Its Issues
— Command —Torsion torque == External torque
'g 5 T T T T T T T T T T T T T T T T 'g‘ 5 T T T T
2.4 Z4
O]
=3 23 —
3 S
‘_09) 2 1 P 2 .
1 7N 1
E g
S0 100~ 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 »_] 1 1
1 3 5 7 9 111315 11 11.1 11.2 11.3 11.4 11.5
Time[s] Time[s]
(a) Simulation result (b) Enlarged view of simulation result
—Command --Torsion torque - External torque
'g‘ 5 T T T T T T T T T T T T T T T 'g' 5 T T T T
I:5'4" . = e 1 .E.4* A A L Lo R e WL VI F RS NG ot e S R S Al o
= Q
=3 | £ ~
2 e
g2 g2 ’
1 s 1
ER = g
5 O" | | | | 1 1 1 1 1 1 1 1 1 “ 5 07\ 1 1 1 1 ]
1 3 5 7 9 11 1315 11 11.1 11.2 11.3 11.4 11.5
Time [s] Time [s]

(c) Experimental result (d) Enlarged view of experimental result

Figure2.19: Numerical simulation and experimental results of load-side torque control based on
RRC (conventional). (a) simulation result. (b) Enlarged view of simulation result. (c) Experi-
mental result. (d) Enlarged view of experimental result. Black, red, and green lines are load-side

torque command, torsion torque, and external torque, respectively.

side torque control based on RRC has unstable condition on K, variation. For this, it is necessary to

realize vibration suppression while maintaining back-forward drivability. In addition, it is necessary

to improve the robustness against the K, variation in load-side torque control. To overcome these

problems, this study focuses on torsion torque control. Torque feedback is able to enhance the back-

forward drivability and torsion torque feedback is effective for vibration suppression; thus, back-

forward drivable torsion torque control is proposed in this study. Fig.2.21 shows block diagram of

two-inertia system using back-forward drivable torsion torque control.

In Fig.2.21, G,(s) and Gp(s) are the transfer functions of command response and disturbance re-
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Figure2.21: Block diagram of plant system using back-forward drivable torsion torque control.

sponse in back-forward drivable torsion torque control. G, (s) and Gp(s) are the transfer function
that do not include the environmental dynamics, i.e., i, = 0. To enhance human interaction perfor-
mance, human force should be directly transmitted to the robot actuator. By this, the human operator
is able to be easy to manipulate the robot actuator by human hands.

In Fig.2.21, load-side dynamics are expressed as
Jiay = 1, — 77

= (G (8)T™ + Gp(s)7F™) — 7. (2.65)

From Fig.2.21 (a), G,(s) and Gp(s) should be lims ,o G-(s) = 1.0 and lims ,o Gp(s) = 0.0. If

G.(s) = 1.0, lim, ;o Gp(s) = 0.0, and 7™ = (.0, the external torque 77** is directly transmitted
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to load-side acceleration a;; therefore, target back-forward drivability in (2.8) is achieved by using
torsion back-forward drivable torque control. Moreover, torsion torque detects torsional vibration.
Torsion torque control is capable of vibration suppression. Regulating the torsion torque means that
back-forward drivability is able to be regulated. For human interaction, (2.65) is expressed as

Jia; = (G ()7 + Gp(s)re™) — 787
=TT (2.66)

Thus, the target back-forward drivability is achieved by controlling torsion torque to zero, i.e., Gp¢(s) =
ar /7T =1/J.

On the other hands, for environmental interaction, force gain is determined according to resonance
between motor dynamics and environmental dynamics. In general, force gain in acceleration-based
force control is correspondence with the inverse of motor mass. To ensure the stability of the control
system, control gain is set to small value because control bandwidth is very hard to exceed resonance.
In the single-inertia system, it is reported that force gain of acceleration-based force control is able
to set high gain that exceeds resonance by adjusting parameters in terms of DOB and Reaction Force
Observer (RFOB) [85-87]. However, in a two-inertia system, high control gain may have unsta-
ble due to anti-resonant and resonant frequencies. The environmental dynamics and resonant modes
of the two-inertia system should be considered for force control design in the case of environment
interaction. Especially, the zero-stiffness force control system needs to regulate the back-forward
drivability according to environmental dynamics because it has back-forward drivability on the ac-
celeration dimension. As indicated in (2.51), back-forward drivability becomes small in the case of
the force control system that is designed considering environmental dynamics. From Fig.2.21 (b),
limg 0 G,(s) = ay and lim,_,o Gp(s) = as. Thus,

ext
Jlal =Ts— T

— (GT(S>Tcmd + GD(S)Tlezt) . Tle;vt
ext

— (achmd + QT ) o Tle:vt

_ O617_cmd . (1 _ OéQ)Tlext- (267)
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Thus, optimal back-forward drivability in case of environment interaction is determined by force
control design considering environmental dynamics. In addition, command response of force control
system has steady state error in non-contact phase. Back-forward drivable torsion torque control

considering environmental dynamics are defined as

o KE+5) K(s2+w?)
= = . (2.68)
7-cmal (S +p)n (S +p>n

G,(s) =

(2.68) is realized by using pole placement method. Finally, the transfer function from torque com-

mand to external torque is expressed as

S8 K(s*+w?) w? p"
_ Gq— Jy _ ae ae — ’ 2.69
R S O e M CE L

ext ext
T _ Ts T
Tcmd Tcmd Ts

Gre(s) =

where, p" = Kw? . Back-forward drivable torsion torque control achieves a force control system
on the acceleration dimension. When step force command is added, load-side velocity becomes the
lamped response. By this, the constant velocity response is not realized for stable contact realiza-
tion. Therefore, high-performance force control is achieved, but it is difficult to realize stable contact
motion from constant velocity motion including free motion at only a force control system that has
back-forward drivability on the acceleration dimension. Here, the control target of a back-forward

drivable torsion torque control in two-inertia system is defined as

Tleact = Jlal. (270)

When regulating torque command to zero, a load-side acceleration is also closed to zero. However,
even though an acceleration is close to zero, a velocity has any value, e.g, w = 0 or # 0. To
realize the anti-bouncing motion during contact with the environment, it is necessary to maintain both
acceleration and velocity close to zero after contact with an environmental object. Therefore, the force
control based on acceleration control is not able to perfectly contact without bouncing phenomena.
Thus, the stable contact motion has been realized by the force control system using velocity feedback
and compliance. However, these approaches are not able to achieve the ideal back drivability on the

acceleration dimension.
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Therefore, to achieve stable contact and back drivable motion, it is necessary to a new control ap-
proach. For this, this study utilizes the force impulse based on back-forward drivable torsion torque
control. To realize the constant velocity motion, back-forward drivable torsion torque control is trans-
formed to force impulse controller. Then, stable contact motion based on force impulse controller is

realized.

2.6 Summary of Chapter 2

In this chapter, ideal drivability is defined focusing on acceleration. General force control based on
acceleration control is able to realize the ideal drivability for single- and two-inertia system. However,
vibration has occurred in the two-inertia system. For two-inertia system, it is necessary to realize the
target back-forward drivability as well as vibration suppression. Moreover, for stable force control,
environmental dynamics should be considered. Force control considering vibration suppression for
the two-inertia system with environment is evaluated on environmental stiffness variation (K, varia-
tion), and the stability analysis results have indicated that there is unstable condition on /K, variation.
For this, improvement of robustness on K, variation is required. In addition, the force control based
on acceleration control is not able to perfectly contact without bouncing phenomena. Because even
though an acceleration close to zero, a velocity has any value, e.g, w = 0 or # 0. The stable contact
motion need to satisfy the acceleration and velocity are close to zero when contacting the environment.
For these issues, this study proposes the back-forward drivable torsion torque control for environment

interaction.
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Chapter3

High Back-Forward Drivable Torsion Torque

Control

3.1 Introduction

In the previous chapter, to improve the back drivability, feeding back the actual external torque has
been considered. In particular, force control based on acceleration control is generally well known to
be a general robust force control system [75,76]. However, force control based on acceleration control
incurs vibrations at the load-side in a two-inertia system. Thus, it is necessary to apply vibration
suppression control, such as resonance ratio control and state feedback for robot manipulators [64,
71,72,78]. Although force control using vibration suppression control has been proposed [64], back
drivability is reduced because vibration suppression methods use velocity feedback. Thus, this chapter
aims to realize the back drivable concept as shown in Fig.3.1. For the concept shown in Fig.3.1, this
study employs a torsion torque control (TTC) to realize vibration suppression while maintaining the
back-forward drivability defined in (2.8) of section 2.3.1. In addition, a motor-side normalization
compensator (MNC) in a minor-loop is proposed to reduce the friction and normalize the motor
parameter in this chapter. The effectiveness of the proposed method is verified through numerical

simulations and experiments.
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Figure3.1: Concept of back-forward drivable motion in proposed approach.

3.2 Interaction Control Based on Back-Forward Drivable Tor-

sion Torque Control

3.2.1 Motor-side Normalization Compensator (MNC)

Fig.3.2 shows a block diagram of the MNC. The MNC is based on the DOB. The MNC uses a
torsion torque sensor, motor-side current and motor-side encoder. In this paper, the torsion torque

sensor has a high bandwidth of 1 kHz. Thus, the bandwidth of the torsion torque sensor is neglected,
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Figure3.2: Block diagram of plant system normalized using MNC (proposed).

i.e., Ly = 1. According to Fig.3.2, the motor-side mismatching disturbance 74, is estimated as

Ts

~ 9dm .
Tdm = Kiniqg — Jmnswm — —
S ¥ Gam < i Rg>

Gdm . Ts
— K e + J Wy — ——
s y ( tnlq mn9dmWm Rg>

The MNC is able to compensate for the motor-side mismatching disturbance, including the parameter

variations and friction. Thus, the MNC is able to improve the back-forward drivability of the two-
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inertia system. The back-forward drivability of the plant system employing the MNC is derived as

MNC il Lys D\ 2
be (S> = Tlext = _jl{s + (gdm + J_m>5
Ks ngdm} 1
3.2
+ Jngs—ir T F2 | DIV (s) (3.2)
DMNC(S):S3+(gd —I—%>s2+K<L+i>s
e " TR
1 1 KD
Ks(— —) m+ = 3.3
TR ) G-

According to (3.2), the back-forward drivability has a steady-state term. The friction effect and motor-
side parameter variations are compensated using the MNC. A bode diagram of the back-forward
drivability is shown in Fig.3.3 to compare the DOB with the MNC. Moreover, the plant system
with/without friction is compared. The gain characteristics of the two-inertia system with friction
are decreased within the low-frequency range, which indicates that the friction degrades the back-
forward drivability. Furthermore, the gain characteristics of the two-inertia system using the DOB are
also decreased. Thus, the back-forward drivability is decreased owing to disturbance compensation
using the DOB. By contrast, the gain characteristics of the two-inertia system normalized by the MNC
are the same as those of the two-inertia system without friction. According to these results, the MNC

is able to normalize with the plant system with the exception of friction.

3.2.2 \Velocity Deviation Observer (VDO)

This paper uses the I-P torsion torque controller and velocity deviation feedback gain, K, K;i,
and f,. To feed back the velocity deviation, this paper estimates the velocity deviation w, using a
velocity deviation observer (VDO). The state equation of the plant system in VDO is similar to LTOB

as shown in (2.12)—(2.18). Using (2.12)—(2.18), the estimation equation of the velocity deviation is
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—Two-inertia system with friction ~ --- Two-inertia system applied MNC
—Two-inertia system without friction --- Two-inertia system applied DOB
T | T T T T | T | T

10
Frequency [rad/s]
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Figure3.3: Bode diagram of two-inertia system controlled by DOB/MNC. Black, blue, gree and
red lines are two-inertia system without friction, two-inertia system with friction, two-inertia sys-

tem applied DOB, and two-inertia system applied MNC, respectively.

obtained using the VDO as follows:

‘%l = AqZ; + Baua
Ya = Ca; + Dguag
[ T
.f’l = 7A-S d)l %lext
Ug = (Wi 7|7, Ya = Ds
—(Lh+l+1l3) —K, 0
Aa = % 0 —J
R =
KSWR;I lh+1+ 13
By = 0 ﬁ _ %
0 Jh}éizls

Ca=[0 -1 o]

Ddl: R;l 0i|,

(3.4)
(3.5)
(3.6)
(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

where [1, l2, and 3 denote the observer poles. Observer poles are determined as (s + [3)(s + l2)(s +

l3) = 0. In this paper, observer poles are designed as l; = Iy = I3 = gy, where g4 denot

bandwidth of the VDO.

es the
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Figure3.4: Block diagram of back-forward drivable control based on TTC using MNC (proposed).

3.2.3 Torsion Torque Control (TTC) for Vibration Suppression

The TTC is used to suppress the vibration. In addition, the TTC is applied to realize the same
back-forward drivability compared with back-forward drivable control based the load-side torque
control at a low frequency. Two integrators are required to satisfy the internal model of torsion torque
control which includes disturbances. Therefore, this paper applies the TTC using the MNC, as shown
in Fig.3.4. The torsion torque controller comprises an integrator, proportional gain, and velocity
deviation feedback. The MNC is used for compensating the motor-side mismatching disturbance,
including friction, but also to satisfy the internal model of the TTC. The control gains are designed

by assuming that the VDO is able to perfectly estimate the state variables and the plant system is
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controlled by the MNC. The transfer function for the TTC system is derived as

Ts o
C-() = S = Fra rds T
7 sw?
Gp(s) = 76 T 3+ dys® + dis + do
B K K. Kj
" TR,
W K,
IRy
dy = Bl B + .
IRy S IR
0
IR,

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

According to Fig.2.21 (a), back-forward drivable torsion torque control for human interaction needs

to G,(s) — 1.0 and Gp(s) — 0. From (3.12)—(3.17), G,(s) — 1.0 and Gp(s) — 0 in steady state.

The torsion torque response follows the torsion torque reference and the influence of the external

torque in torsion torque response is suppressed. (3.12) and (3.13) show that back-forward drivable

torsion torque control for human interaction is realized. Using the pole placement method, the gains

of the TTC are designed as follows:

(S+P1)(S+P2)<S+P3)
:Sg—f—(Pl—i—Pg—i—Pg)Sz
—|—(P1P2+P2P3+P3P1)S—|—P1P2P3

= 5" + gus® + gus + g

IR
Ky = KsKigtO
I R K K
o= e = (5 5)
pt K.K, {gn 7 + Jme, }
IR
fs: ggt2-

Ky

(3.18)
(3.19)

(3.20)

(3.21)
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3.2.4 Back-Forward Drivable Control Based on TTC and MNC

The back-forward drivability of the proposed back-forward drivable control system is derived as

ap 1 D ths KsKth thsgdm Ks
0= =+ (o B )+ (S )
)= s = g e G T R ) TR, T dnR, | dnER)”
KsKthtgdm KsKtKi gdes> KsKtKilgdm} 1
3.22
( IRy JuR, | JuR2)°T TR, I DE(s) (22
D Kfs KsKth thsgdm K K
DProp. 4 ( - ~m t > ( p s ) 2
aP(s) ="+ (g4 —l—J +JR S Ik, +Jng+Jl+JR28
KKK, 94m KK K; K, K, K.,D,, K. K, K;1Gam
{ tKptam | KK +gdm(—+ > } \ KoKilagam
IRy IRy J; Jme] I Im Ry
(3.23)
in which, assuming that g,,, is ideal, (3.22) is able to be expressed as
Prop. o . a 1 NProp( )
gd}iglOOG bf (s) = gd}yllriloo Tt N Jl DF n P (s) (3-24)
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where, assuming that TTC is designed as (3.18)—(3.21), (3.24) is able to be written as

a
A Gy 0) = i
SRV —
Jl (S+P1)<S+P2)(S+P3)
1 1 sw?

T T A GT P Pt Py (3.27)

From (3.27), the first term is the same as the back-forward drivability shown in (2.28). The second
term does not include the vibration term. Therefore, the vibration is suppressed. According to (2.28)
and (3.22), Bode diagrams of the back-forward drivability in Figs. 2.8 and 3.4 are shown in Fig.3.5.
However, the actuator vibrates owing to the anti-resonant frequency of the plant system, and a smooth
human interaction is not realized. In contrast, the proposed back-forward drivable control is able to

suppress the vibration by controlling the torsion torque. Moreover, the load-side torque is directly
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Figure3.5: Bode diagram of back-forward drivability in back-forward drivable control based on
LTC or TTC using MNC. Black, red, and green lines are back-forward drivable control based on
LTC and TTC using MNC (proposed), and ideal value such as 20log(1/.J;,, ), respectively.

transmitted to the load-side acceleration if the torsion torque is controlled at zero. Thus, the proposed
back-forward drivable control is able to achieve the vibration suppression while keeping the back-

forward drivability.

3.3 Numerical Simulation and Experiment

3.3.1  Numerical Simulation and Experimental Conditions

In this chapter, a geared motor with a torsion torque sensor is used to improve the back-forward
drivability. In this section, two validation experiments are described. First, the TTC using the MNC is
confirmed at the command response. In addition, the experimental results are compared with the sim-
ulation results. The command torque is set to =4 Nm. The torsion torque is measured using a torsion
torque sensor. Second, the back-forward drivable response is validated through the experimental re-
sults of the back-forward drivable control based on the LTC, the back-forward drivable control based

on the TTC, and the plant system without control. The back-forward drivable responses are measured
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Figure3.6: Experimental equipment.

using an acceleration sensor, a torsion torque sensor, and a two-inertia observer. The experimental
equipment is shown in Fig.3.6. In this study, to compare the back-forward drivability, the external
torque of human input is added to the controlled motor by another actuator instead of the human input.

The plant and control parameters are listed in Tables 3.1 and 3.2.

3.3.2 Numerical Simulation and Experimental Results

The command response for the TTC using the MNC in Fig.3.4 is shown in Figs. 3.7 and 3.8. Ac-
cording to Figs. 3.7 and 3.8, the simulation and experiment obtain the same response. Thus, the TTC
is designed as expected. Fig.3.9 shows the experimental results obtained in terms of the back-forward
drivable response in Figs. 2.8 and 3.4, and the plant system without control. According to these
results, the impact torque of the two back-forward drivable controls is smaller than the plant system
without control. The plant system without control reduces the back-forward drivability. However, two
back-forward drivable controls improve the back-forward drivability. Back-forward drivable control

based on the TTC is able to suppress the vibration while keeping the back-forward drivability as
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Table3.1: Plant parameters.

Torque constant Ky, [0.49 Nm/A

Motor — side inertia T | 1.44 x 10~* kgm?
Motor viscosity coefficient | D,,, | 9.80 x 10~ Nms/rad
Load — side inertia Jin | 0.16 kgm?

Torsion spring constant Ky, | 1.26 x 10* Nm/rad
Gear ratio R, |50.0

Resonance frequency w, | 54.2 Hz(341rad/s)
Anti — resonance frequency | w, | 45.3 Hz(285rad/s)

Table3.2: Control parameters.

Load — side torque gain Cy |1/, 1/kgm?
Bandwidth of torsion torque controller | g;s | 350 rad/s
Torque proportional gain K, | 0.030

Torque integral gain K1 | 50.06
Velocity deviation feedback gain fs |15.42
Bandwidth of VDO ga | 350 rad/s
Bandwidth of DOB and MNC Gam | 628 rad/s

Bandwidth of torsion torque sensor Girq | 6280 rad/s

compared with back-forward drivable control based on the LTC. Thus, the conceptual motion in this

chapter, as shown in Fig.2.5, is achieved.

3.3.3 Analysis of Load-side Parameter Variations: Load-side Inertia .J; and

Torsion Stiffness K

To analyze the effect of variations in parameters .J; and K, this section examines the Bode diagrams

in terms of back-forward drivability of proposed and conventional back-forward drivable control sys-
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Figure3.7: Simulation results in terms of command response of TTC using MNC. Black and red

lines are reference and response, respectively.
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Figure3.8: Experimental results in terms of command response of TTC using MNC. Black and

red lines are reference and response, respectively.

tems, as shown in Fig.3.10 and Fig.3.11, respectively. From Fig.3.10, the conventional method is not
affected by .J; variation in the low-frequency range, but vibration has not been suppressed. In contrast,
the proposed method achieves vibration suppression and realizes almost the same flat gain character-
istics. However, the proposed method is affected by .J; variation. Although it is barely affected in this
experimental system, it is necessary to consider the J; variation in case of the manipulator. Regulation
of load-side inertia is achieved using torsion torque reference. This will be considered in future work.

As shown in Fig.3.11, both the proposed and conventional methods are not affected by the influence of
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K variation in the low-frequency range. Moreover, as indicated in Fig.3.5, the conventional method
involves vibrations at the anti-resonant frequency of the plant system, while the proposed method is

able to suppress the vibration.

3.4 Summary of Chapter3

This chapter proposes a high back-forward drivable torsion torque control (TTC) using a motor-
side normalization compensator (MNC) to facilitate human-robot interactions. Although the back-
forward drivable control based on load-side torque control (LTC) (see Fig.2.8 and Fig.3.9) is able
to enhance the back-forward drivability, the back-forward drivable response vibrates. The proposed
back-forward drivable control (TTC using MNC) is able to achieve vibration suppression while main-
taining the back-forward drivability. The back-forward drivable response is drastically improved, and
the effectiveness of the proposed method is verified through numerical simulation result and experi-
mental result.

In this chapter, human-robot interaction performance is improved and human is able to manipulate

the robot actuator, easily.
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Figure3.9: Experimental results in terms of back-forward drivable response. Blue, red and blue
lines are back-forward drivable control based on LTC, back-forward drivable control based on
TTC, and without control system, respectively. (a) Load-side torque. (b) Load-side acceleration.

(c) Load-side velocity. (d) Torsion torque.
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Chapter4

High-Robust Back-Forward Drivable Torsion
Torque Control Against Environmental

Stiffness Variation

4.1 Introduction

According to Chapter 2, conventional force control based on RRC is discussed for environmental
interaction. However, conventional force control based on RRC indicated that there is unstable con-
dition during K, variation, as unraveled in Sections 2.4.7 and 2.4.8. The purpose of this chapter is to
realize the high-robust force control against the K. variation in a model-based approach. A geared
SPMSM with a torsion torque sensor is used in this study [42]. Conventionally, a two-inertia system
with the environment has two-resonant frequencies, so that the optimal resonance ratio is not able
to be determined in the conventional force control system based on RRC in [40]. A torque-velocity
duality is focused in this chapter and a two-spring system is constructed using the motor-side velocity
control, which is the collocate side [95-100]. Motor-side velocity control is able to be designed at
a higher bandwidth than the vibration modes of the plant system because of not including vibration
modes. Therefore, an equivalent RRC (ERRC) is proposed based on the two-spring system using

motor-side velocity control, as shown in Fig.4.1. The ERRC is an equivalent structure to the RRC
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Figure4.1: Block diagram of ERRC of two-spring system (proposed).

applied for position/velocity controls [72,74], and the ERRC provides optimal resonance ratio simi-
lar to [72]. The robustness against K. variation is achieved based on back-forward drivable torsion
torque control using the ERRC. In this chapter, the robust stability of control system is evaluated from
open-loop characteristics and small gain theorem. Two load-side sensors, namely the torsion torque
and acceleration sensors are used to evaluate the force control in the experiment, and the effectiveness

of the proposed method is demonstrated using numerical simulation and experimental results.

4.2 Two-Spring System Focusing on Duality

First of all, this section discusses how to construct the two-spring system for realizing the high-
robust force control system. To achieve stable contact with the environment, it is necessary to suppress
vibrations, because a robot actuator is modeled as a two-inertia system. The effect of the environment
must be considered for stable contact realization in a two-inertia system. The conceptual figure for
the equivalent transformation of a two-spring system from a two-inertia system with the environment
is shown in Fig.4.2. Here, the plant parameters correspond to the motor inertia .J,,,, torsion stiffness
K., load inertia J;, and environmental stiffness /..

Generally, several vibration suppression methods have been proposed for the two-inertia system

without environment, as shown on the left section of Fig.4.2. When an environment is considered,
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Two-inertia system with environment
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Figure4.2: Conceptual figure for equivalent transformation of two-spring system from two-inertia

system with environment.

two resonant frequencies need to be considered for vibration suppression. However, this complicates
the control design. Thus, if the two-inertia system is assumed to be a two-spring system as shown
on the right section of Fig.4.2, the same control scheme as that of the two-inertia system without an
environment is able to be used for the two-inertia system with an environment. The simple control
design is able to be applied by this assumption. Fig.4.3 shows the Block diagram of a two-inertia
system with the environment and correspondence of the physical model in this chapter. In Fig.4.3,
black dot line is two-inertia system with environment. Red line is two-inertia system without environ-
ment. Blue line is two-spring system. Therefore, two-inertia system in red line is shown in Fig.4.4,
and two-spring system in blue line is shown in Fig.4.5.

Here, two-spring system focused in this chapter uses the motor-side velocity reference as the input
of actuator. However, actual experimental equipment generally uses the current reference as the
input of actuator. For this, to realize the two-spring system, motor-side velocity control is applied
for a two-inertia system with the environment. In addition, to improve the motor-side disturbance
suppression performance, this study applies the disturbance observer using torsion torque sensor that
is called as the force and position sensors integrated disturbance observer (FPIDO) [94]. The two-

dis

inertia system using the FPIDO is shown in Fig.4.6, where the motor-side disturbance 7,°'° consists

m
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Figure4.4: Block diagram of two-inertia system.

of torsion torque and other disturbances, including friction and parameter variation. From this figure,
equivalent block diagram of Fig.4.6 in terms of motor-side disturbance part is expressed as shown in
Fig.4.7. In Fig.4.7, gr, and g4,,, are the bandwidth of torsion torque sensor and FPIDO. From Fig.4.7,

the bandwidth of torsion torque sensor g, is 1 kHz; thus, this study does not need to consider the
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Figure4.6: Block diagram of two-inertia system using FPIDO.

motor-side disturbance from torsion torque. Therefore, Fig.4.8 shows the two-spring system based

on the motor-side velocity control because of assuming that the motor-side disturbance is neglected.
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Figure4.7: Equivalent block diagram of Fig.4.6 in terms of motor-side disturbance part.
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Figure4.8: Block diagram of two-spring system based on motor-side velocity control.

The transfer function G, (s) of the motor-side velocity control is calculated as follows:
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where K, and Kj;, are the velocity proportional and velocity integral gains, respectively. K, J,,
K,s, Kis, w, and ¢ denote torque constant, motor inertia, velocity proportional gain, velocity integral
gain, bandwidth of motor-side velocity control and damping coefficient, respectively.

In (4.1), this study considers the ideal case of the motor-side velocity control. The motor-side
inertia J,,, does not become zero in the actual plant system, but if the transfer function from the
motor-side velocity reference w;ff to the motor-side velocity w,, is regarded as one, i.e., G, (s) = 1,
the motor-side inertia is regarded as a very small value. In other words, when the bandwidth of motor-
side velocity control is enough high compared with the control bandwidth of the outer loop, .J,,, is able
to be neglected from the design of outer control system. Therefore, this study designs the load-side

torque control system neglecting the motor-side inertia.

4.3 Proposed Load-side Torque Control Based on Back-Forward

Drivable Torsion Torque Control

4.3.1 Precondition

In this section, the precondition is defined as follows: 1) a geared SPMSM with a torsion torque
sensor is utilized, as shown in Fig.4.9. 2) the sensor dynamics are not considered due to the sensor
bandwidth of 1 kHz, i.e., 6280 rad/s. 3) the dynamics of the electric circuit for motor are not consid-
ered. In this paper, two load-side sensors, i.e., torsion torque and load-side acceleration sensors, are

used. The torsion torque sensor is mounted at the load-side of gear shaft and it has a high bandwidth
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Figure4.9: Configuration figure of experimental equipment and experimental setup.

of 1 kHz. To evaluate the external torque, the external torque is directly detected using both torsion
torque and load-side acceleration sensors. The load-side acceleration sensor also has high bandwidth
of 1 kHz and it is attached at the tip of the actuator arm. Therefore, the dynamics of the torsion torque
and load-side acceleration sensors are not considered. In the electric circuit, the motor is actuated at

current control of 1 kHz. The dynamics of the electric circuit are not considered.

4.3.2 Equivalent RRC Based on Motor-side Velocity Control and First-order
Load-side Velocity Observer (LVOB)

As mentioned in Section 2.4.3, it is difficult to determine the resonance ratio H, of the two-inertia
system with the environment unlike for the system without the environment in (2.30) because it has
two resonant frequencies, i.e., w%¢ and wiEC. Therefore, to simplify the resonance ratio, this study
constructs the two-spring system based on the torque-velocity duality, and realizes an equivalent RRC

(ERRC) as shown in Fig.4.1. Furthermore, the motor-side velocity control and first-order LVOB

are applied to realize the ERRC; moreover, because the semi-closed loop of the motor-side velocity
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Figure4.11: Frequency characteristics of Fig.4.1 in case that G,,,,,(s) = 1 and &; = w;. Black, red

and green lines are 8 = 1.0, 0.5 and 2.0, respectively.

control, which uses a basic PI controller, is constructed at the collocated side, the stability of the force
control system is improved [95—-101]. In addition, this section applies the first-order LVOB, which
estimates the load-side velocity using the motor-side velocity w,, and torsion torque 7,. Fig.4.10
shows the block diagram of the ERRC for the two-spring system. This system employs a motor-side
velocity control and the first-order LVOB. Here, it is assumed that the motor-side velocity control

system and first-order LVOB are ideal, i.e., Gy,,(s) = 1 and w; = w;. This study observes that
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Fig.4.10 is equivalent to Fig.4.1, and the transfer function from @"¢/ to 7, is derived as

o KRS(s+%) K R*ﬁ(sQ k)

— = L= (4.4)
Wm <s2 i e+B ) (ngRCV)
K.+ K, K.+ K,
wpmne = (It Bl R 4.5)
Ji
K, = K5, (4.6)
where, wZFEC is the resonant frequency of two-spring system controlled by ERRC, as shown in

Fig.4.1. Here, (4.4)—(4.6) have similar structure of equation compared with equations of RRC without
environment indicated in (2.30)—(2.32). The difference of these equations is whether the plant system
is the two-inertia system without the environment or the two-spring system. Therefore, RRC uses a
torsion torque, but the ERRC uses a load-side velocity. In addition, the two-spring system is able to
apply not only ERRC that is similar structure to RRC, but also other control approaches, e.g., full
state feedback, etc. By focusing on a torque-velocity duality, these controllers are able to be designed
at the same control order and the same approach compared with position/velocity control for the
two-inertia system. From (4.4)—(4.6), the ERRC is able to regulate not only the torsion stiffness
but also the resonant frequency through the resonance ratio gain /3. The frequency characteristics of
(4.4) are shown in Fig.4.11: the variations in the resonant frequency wZ?7¢ for different values of 3,

specifically 5 =1.0, 0.5, and 2.0, are shown in the figure.

4.3.3 Torque-Velocity Duality in Figs. 2.11 and 4.1

To validate the torque-velocity duality, the relationship in terms of Figs. 2.11 and 4.1 is organized in
Table4.1. A two-inertia system is composed of the motor-side inertia J,,, the torsion stiffness K, and
the load-side inertia .J;. Meanwhile, the two-spring system shown in Fig.4.1 is expressed using K,
Ji, and K. This study observes that the state variables of the two-inertia system have correspondence
with those of the two-spring system: for example, w,, of the two-inertia system corresponds to 7

of the two-spring system. Therefore, the two-spring and two-inertia systems exhibit that there is a
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Table4.1: Duality in plant parameters of Figs. 2.11 and 4.1.

Plant parameter of Fig.2.11 | Plant parameter of Fig.4.1
len KSTL
KS’VZ ﬁ
fln KE?’L
Wm Ts
Ts Wi
wy Tlext

relationship of duality between the torque and velocity. Moreover, Fig.4.1 utilizes the same control
approach as the control design approach proposed for position and velocity controls, as reported

in [72], for applying torque control to the two-inertia system considering the environment.

4.3.4 Load-side Torque Control Based on Back-Forward Drivable Torsion

Torque Control using ERRC (Proposed)

This section evaluates the proposed load-side torque control system. An overview of the proposed
load-side torque control system is illustrated in Fig.4.12, which is composed of a motor-side velocity
control, a FPIDO, a first-order LVOB, and an I-P torque controller. The FPIDO is applied to eliminate
the motor-side disturbance 74, For control design, motor-side dynamics are neglected and the first-
order LVOB is considered to be able to be accurately estimated without delay. Thus, Fig.4.10 is
expressed as Fig.4.1. Therefore, the high-robust load-side torque control system is constructed, as
illustrated in Fig.4.13, using a semi-closed torsion torque control and has a structure similar to the
RRC for the velocity or position controls. Finally, equivalent block diagram of proposed method for

control design is expressed as shown in Fig.4.14. The closed-loop transfer function G¢-7°P-(s) from
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Figure4.12: Overview of load-side torque control (proposed).
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Figure4.13: Block diagram of proposed load-side torque control in case of G, (s) = 1 and w; = wy.

load-side torque command 7™ to torsion torque 7, (see Fig.4.14) is derived as follows:

-1 2 2
G:Z,Prop.(s> _ Ts Kng ﬁKl(S +wae)

7.lcmd - Dggoﬂ( S)
K K
Di () = s+ DI 4 (RO 4 B g
Rg Rg
K3 Kp
+ R—ngwges + R, Kw?, 4.7)
—_ 84 + agl,PTop.SS, + a;l,Prop.SZ + a;:l,Prop.S + agl,Prop.. (48)

The control gains are achieved by the binomial design using the stability indices 7y; and the resonance
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Figure4.14: Equivalent block diagram of Fig.4.13 in proposed load-side torque control for control design.

ratio H, are calculated using (4.7) and (4.8), as follows:

/6 _ en Y17Y2Y3 — V3 — 71 (49)
Ksn 71
R, v3w?
K, = % 27ac 4.10
Ksn 71 6 ( )
wae
Yo 4.11)
wERRC
Hy=2— = (o - 1)2’ 4.12)

where (4.9)— (4.12) are determined so as to satisfy 71, 72, and 3. Furthermore, the control gains in

case of the binomial design, i.e., at v; = [2.667 2.25 2.667]T are calculated as

4K,

KSn
K. — Wae Ry _ Ry
YB Ky 4dn
4wae Rg o Ken Rg '

B Ksn - Jln Ken

B = (4.13)

(4.14)

K, = (4.15)

There are three control gains in the proposed method and the number of the proposed control gain
is less than the number of the conventional one. Here, (4.13)—(4.15) to (4.7), the transfer function
GLPror- () = 7rot/7emd from the load-side torque command 7™ to the external torque 77 is

calculated as

7_e:ct Text T
G,,C_le’PTOP'(S) — l S = l s y
Tlcm Ts ,/_lcm
2 2 2 2 4
_ Wae wae(s + wae) _ Wae 4.16
T2 2 4 4" (4.16)
2+ w2, (5+ Wae) (S 4+ wae)

From (4.16), the proposed load-side torque control is designed as 4th-order transfer function. There-

fore, the smooth load-side torque response is realized by semi-closed loop control using just torsion
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Figure4.15: Bode diagram of back-forward drivability in terms of proposed load-side torque con-

trol in non-contact phase.

torque feedback. The equivalent time constant 7, is calculated as

1 4
YivVY2 = . (4.17)
w

ae ae

Te =

Finally, the resonance ratio H, when v; = [2.667 2.25 2.667]" is calculated from (4.12) as follows:

wERRC 73
o, — Yre _ /(7172 —1)2 = V5. (4.18)
Wae T

Therefore, the optimal resonance ratio is uniquely obtained in this paper and it is the same as that

proposed in [72].

4.3.5 Back-Forward Drivability of Proposed Load-side Torque Control

From Fig.4.12, back-forward drivability of proposed load-side torque control is shown in Fig.4.15,
where Fig.4.15 includes all dynamics.

The back-forward drivability has constant value at low-frequency region. Therefore, back-forward
drivability on acceleration dimension is realized. Here, to simplify the discussion, this section consid-
ers ideal condition as shown in Fig.4.13. In the ideal condition, minor-loop dynamics are neglected,

ie., w = w, Gun(s) = 1, and Ly, (s) = 1. In Fig.4.13, command and load-side input responses in
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terms of back-forward drivable torsion torque control system are expressed as

KSBKi
T, R
GProp.Chap4 s — S — el 4.19
T ( ) K.=0 Tlcmd Ko=0 §2 4 KsRﬁngS + KSIsz + If]iﬁ ( )
- Ksp
GProp.Chap4 (S) _ _'s — S . (420)
From (4.19) and (4.20), final state values are calculated as
1 felts J
lim SGPrap.Chap4 s)= = 9 — ! 421
lim sG'; (s) Kl ol = - 4y, (2D
KB
1 I 4J;
lim sGEror-Chart ()~ — l = = 4.22
s—0 P ( )s —ngKi + KTlﬁ Jy+ 4, (422

Here, from Fig.2.21 (b), G-(s) and Gp(s) are determined by considering environmental dynamics as
follows: lim, ,o G, (s) = «a; and lim, .o Gp(s) = ao. Namely, (4.21) and (4.22) are calculated as
limg_,o G (s)ProP-Chort — 1 /5 and lim,_,o G5 """ (s) = 4/5. Finally, the back-forward drivabil-

ity of proposed load-side torque control is derived as

2 KsﬁKp KsBK;
GProp.Chap4(S) o aj o _l &+ Ry s+ Ry (4 23)
b = — = - . .
! T st Ky g KK Kop

Then, the final state value is calculated as

. Prop.Chap4 g __L -
£1_r)% sGly; (S)S 7 K‘fKi n ¥ A (4.24)
i 1

where, J;,, = J;. In (4.24), the back-forward drivability in steady state is smaller value than the back-
forward drivability of back-forward drivable torsion torque control in Chapter 3. This means the load-
side inertia becomes large from the view of load-side input. Therefore, the back-forward drivability is

adjusted to a small value according to control design in case of considering environmental dynamics.

4.4 Robust Stability Analysis

To examine the stability of the proposed methods for realizing a high-robust force control, it is

necessary to evaluate their robustness against the K. variation. This section evaluates the gain and
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phase margins for the proposed methods, under the /. variation. In addition, the system uncertainty

is analyzed using the small gain theorem similar to Section 2.4.6.

4.4.1 Gain and Phase Margins for Proposed Method.

In the proposed method of Fig.4.12, the open-loop transfer function GPF7P-(s) = 1, /7™ from

the load-side torque command 7™ to torsion torque 7, is derived as

op Prop
Gor

where,

d Znop ,Prop. z/( 10+Zdop ,Prop. 1,)

D K, K
dop,Prop. _ . m k psdit
9 9dm + _Jm + K1+ I
D BK, K, KK,
dop,Prop. _ < - m)]{; piYpsits 2
8 gd + Jm 1 + Jng + Wm"
K,
—da — koK,
+ 7 A 2
D,
dgp,Prop- — <gdm + - )(wfw — koK) + klwgr — ks K,
Kt K sKt kZK sKsKt
d P 2 eSSt
T T e T T
BKszKt
—dA
TR,
D,
dgp,Pmp‘ — (k;lwgr — k:3KS) <9dm + _J > — kgKSwzr
s Ki PR, K K,
—da+—2 "4
e “J JmB,
KstsKt KsKt gdmleisKt
Tod, AT T

) BE KKK, Blal, K, K2 K,

+ Wae JmR

IRy

D,,
dgp,Pro;ll — szar{kg (gdm + J_) + kg}

KsKt kQKpsKsKt ERRC\2
J_ ar J B (w )

(gdmleis + WgedA - stD>

dC re

I

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)
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(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)
(4.43)
(4.44)
(4.45)
(4.46)

where, g4, denotes the bandwidth of the FPIDO and k;, ko and k5 are the observer gains of the

first-order LVOB. Fig.4.16 and Table4.2 present the Bode diagram of (4.25) and the gain and phase
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Table4.2: Gain and phase margins of proposed methods.

K. Gain margin, dB | Phase margin, deg.
0.5K, | 52.339 61.594
1.0K,, | 46.700 72.670
2.0K,, | 41.465 79.369
3.0K,, | 38.748 81.708
4.0K,, | 37.063 82.888
5.0K,, | 35.937 83.597
5.5K,, | 35.511 83.856
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Figure4.16: Bode diagram of open-loop transfer function in proposed method. (a) Overview. (b)

Enlarged view.
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margins of the proposed method, respectively. As shown in Table4.2, the proposed method indicates
that there are sufficiently high gain and phase margins. Moreover, the gain margins of the proposed
method are ensured compared with those of the conventional method when the actual environmental
stifftness K. becomes higher than the nominal environmental stiffness K., 1.e., K. > K.,. Therefore,

the proposed method has robustness against K, variation.

4.4.2 Robust Stability Analysis using Small Gain Theorem for Proposed
Method

Similar to section 2.4.5, general system G%:F'7P-(s) = 7, /7/™? in proposed method is defined as

Gf_l;L’PTOp cmd Znop ,Prop. z/( 10 + Zdop ,Prop. z> (447)

Therefore, the multiplicative variation A”7°P(s) and complementary sensitivity function 7F7°P-(s) in

proposed method are calculated as

G (s) = G ()
G?_%Prop. (S)
GonPron(s)
+ G?_%Prop. (S)

AProp. (S) —

(4.48)

TP (s) = (4.49)

Finally, Fig.4.17 shows bode diagram in terms of 7777 (s) and (A7 (s))~! in proposed method on
K, variation. As shown in Fig.4.17, the proposed method satisfies 777 (s) < (AP™P(s))~! on K,
variation. Therefore, the robustness of proposed method is higher than that of conventional method

against K variation.

4.5 Simulation and Experiment

4.5.1 Numerical Simulation and Experimental Conditions

In the simulation and experiments, this section confirms the step response of proposed method

on K, variations. K variations are set to K, = 5.0K,, and K. = 5.5K,, to verify the stable step
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Figure4.17: Bode diagram in terms of 7777 (s) and (A"°P-(s))~! in proposed method on K variation.

Table4.3: Numerical simulation and experimental parameters in proposed load-side torque control.

Nominal environmental stiffness K, | 2592 Nm/rad
Measured environmental stiffness K. | 186, 2592, 7896 Nm/rad
Anti — resonant frequency Wae | 129.23 rad/s
Resonant frequency Wre | 312.62 rad/s
Bandwidth of first — order LVOB gui | 628 rad/s
Bandwidth of FPIDO Gam | 628 rad/s
Bandwidth of PI velocity control wp | 1000 rad/s
Equivalent time constant of Binomial T, 4/Wae
Resonance ratio gain of Binomial Ié] 0.824

Torque proportional gain of Binomial K, |2.493

Torque integral gain of Binomial K; |80.541
Resonance ratio of Binomial (Eq.(4.18)) | H, | /5

responses in the proposed load-side torque control. Torque command 77 is set to 4.0 Nm. Moreover,
another simulation is considered to compare the actual experimental results. In the simulation and
experiment, torque command is added at square wave which is maximum and minimum values are
4 Nm and 0.5 Nm. All simulation and experimental parameters in the proposed method are listed in

Table4.3.
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In the simulation and experiment, control gains are determined in the frequency domain, by bino-
mial design using a stability index ;. Proposed control system is implemented by discretization using
zero-order hold at a sampling time of 125 us. As discussed previous section, the proposed method is
stable even though the environmental stiffness is a higher value, e.g., K. = 5.5K,,,. Thus, the nomi-
nal environmental stiffness is a better setting to K. > K.,. Environmental stiffness is measured about
three environmental blocks, e.g., sponge(AskerC8): K., = 186, hard rubber(A65): K., = 2592, and
aluminum(A5052): K., = 7896 Nm/rad. In the first simulation and experiment about K variations,
actual environmental stiffness are set to 7896 Nm/rad of the aluminum block. In this case, K, is set
to K., = 7896/5.0 = 1579 and K,, = 7896/5.5 = 1435. Moreover, extra experiments are confirmed
to robustness against K variations. In these experiments, relationship of actual and nominal envi-
ronmental stiffness is assumed to K, = 0.014K,,, K. = 39.48K,,, and K, = 394.8K,,,. Nominal
environmental stiffness in the case of X, = 0.014K.,,, K. = 39.48K,,, and K, = 394.8K,,, is set
to K., =13000, 200, 20 Nm/rad, respectively. In second simulation and experiment of all nominal
case, to verify the load-side torque response as designed, nominal environmental stiffness is set to

K.,=2592 Nm/rad that measured in advance.

4.5.2 Numerical Simulation and Experimental Results

Figs. 4.18 and 4.19 show the numerical simulation and experimental results obtained by the robust
stability analysis of the proposed method for different value of K. In Section 2.4.8, the conventional
method is observed to be stable at KX, = 5.0K,,; however, vibration is observed. Moreover, the con-
ventional method is unstable at K, = 5.5K,,, because there is no gain margin, as shown in Section
2.4.5. On the other hand, the proposed method is observed to be stable at both values of K. In addi-
tion, Fig.4.20 shows the experimental results of proposed method in the case of other K. variations.
From these results, even though environmental stiffness variation becomes the variation range from
K. =0.014K,, to K. = 394.8 K, these results show that the proposed method is stable. Therefore,

the robustness of the proposed method against /. variation is higher than that of the conventional
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Figure4.18: Simulation results of stability analysis in proposed method. (a) K, = 5.0K¢y,. (b)
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Figure4.19: Experimental results of stability analysis in proposed method. (a) K. = 5.0K,. (b)
K. = 5.5K,,. Black, red, and green lines are load-side torque command, torsion torque, and

external torque, respectively.

method as shown in Table2.1 and Fig.2.18. Furthermore, Figs. 2.19 and 4.21, which respectively
present the numerical simulation and experimental results of the conventional and proposed load-side
torque controls in case of the binomial design, indicate that smooth load-side torque responses are
realized. In addition, the experimental results are the same as the numerical simulation results, as

observed in Figs. 4.21 (b) and 4.21 (d) for the proposed method. Thus, this section indicated that the
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torque command, torsion torque, and external torque, respectively.

proposed load-side torque control have been achieved as designed.
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4.6 Summary of Chapter4

This chapter proposes the high-robust back-forward drivable torsion torque control based on the
ERRC to realize a high-robustness for an environmental stiffness variation (/K variation). The opti-
mal resonance ratio of the two-inertia system considering the environment in the application of RRC
is difficult to determine because it has two resonant frequencies. In addition, the conventional load-
side torque control method has an unstable condition in the environmental stiffness variation, e.g.,

K. = 5.5K,,. On the other hand, this chapter focuses on the torque-velocity duality, and a two-
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spring system 1is realized based on a motor-side velocity control. Moreover, an ERRC is proposed
using on the motor-side velocity control and first-order LVOB. The results of the analysis performed
in the study have demonstrated the toque-velocity duality from the comparison of the two-inertia
and two-spring systems, in addition to realizing the high-robust load-side torque control based on an
ERRC. Furthermore, this chapter validates that the robustness of the proposed method against K,
variation is higher than that of the conventional method. Thus, the effectiveness of the proposed

control method is validated through numerical simulation and experiment.
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Chapter5

Stable Contact Realization using Force
Impulse Based on Back-Forward Drivable

Torsion Torque Control

5.1 Introduction

In Chapter 3, back-forward drivability is improved by back-forward drivable torsion torque control.
In Chapter 4, robust force control against K, variation is achieved by back-forward drivable torsion
torque control based on the ERRC, which is constructed from the two-spring system. However, two
control systems are not able to determine the contact velocity for the contacting environment because
back-forward drivable torsion torque control has back-forward drivability on the acceleration dimen-
sion. Namely, velocity response becomes lamped signal when step torque command is added. To
realize the constant velocity motion for contact with the environment, velocity feedback or switching
control between velocity and force control systems are normally applied. However, those approaches
deteriorate the back-forward drivability on acceleration dimension.

This chapter utilizes the force impulse based on back-forward drivable torsion torque control. The
force impulse is related to momentum. Namely, force impulse depends on velocity. Therefore, walk-

ing motion stabilization in humanoid and haptic rendering with impact force are realized [102, 103].
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Moreover, force control based on momentum is effective to avoid the decoupling and singularity prob-
lems [104-106]. To realize stable contact without bouncing, the velocity and acceleration need to be
brought to zero after contact with the environment. Thus, the force impulse controller is used instead
of force controller. If force impulse is constant, velocity is also constant. Therefore, a stable contact
motion at a constant velocity is able to be realized by the force impulse controller. The force impulse
controller is constructed based on back-forward drivable torsion torque control and the ERRC. The
ERRC is capable of achieving the same resonance ratio i.e., v/5, similar to the one proposed in posi-
tion control [72], for a two-inertia system with an environment. Therefore, a force impulse controller
based on back-forward drivable torsion torque control using ERRC achieves stable contact motion
that suppresses bouncing when in contact with the environment.

This chapter demonstrates three numerical simulations and experiments. In the simulations and
experiments, the results of the command response and contact motion are validated in terms of the
proposed force impulse regulator based on back-forward drivable torsion torque control. In addition,
the result of the load-side torque control, including contact with the environment is verified as an

example of application.

5.2 Stable Contact Motion using Force Impulse Based on Back-

Forward Drivable Torsion Torque Control

5.2.1 Control Strategy

This study applies an the ERRC for stable contact realization. A force impulse controller is con-
structed based on back-forward drivable torsion torque control and ERRC. Back-forward drivable
torsion torque controller uses I-P torque controller; thus, I-P torque controller is transformed to force
impulse controller by separating integrator. The ERRC is applied in minor loop to improve the ro-
bustness against the K. variation. The force impulse control based on back-forward drivable torsion

torque control and the ERRC is designed using the same design approach as the reference [72]. Using



5.2 Stable Contact Motion using Force Impulse Based on Back-Forward Drivable Torsion Torque Control85

Reduction gear
Torque sensor
Load inertia

oil seal ring |

=

3 “ <
ARSI o - Geared motor
) D, o # with torque sensor j¢

Figure5.1: Experimental equipment.

the force impulse control, a stable contact motion is realized without using a switching controller.
In the force impulse control, motor-side velocity control is used to operate the actuator based on the
output of the force impulse controller that is outer loop in non-contact phase. By using this, direct
teaching operation and approach control are realized. For example, the output of velocity control
becomes a constant value when the output of the force impulse controller is of constant value. The
force control is used for the realization of stable contact against the environment. The force control is

indirectly realized by using force impulse control.

5.2.2 Experimental Setup

A strain wave geared motor with a torque sensor [83] that is regarded as one joint of the industrial
robot is used. The experimental equipment is shown in Fig.5.1, and it consists of motor inertia, a
reduction gear, a torque sensor, and load inertia. The torsion torque sensor has a high bandwidth,
and its detection bandwidth is 1 kHz. The bandwidth of the torque sensor is ignored. For the contact

motion experiment from free motion, an environmental block is set, as shown on the bottom panel of
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Figure5.3: Overview of proposed force impulse control.

Fig.5.1.

5.2.3 ERRC Based on Motor-side Velocity Control and First-order LVOB
(proposed)

In this study, the motor-side velocity control and the first-order LVOB are applied for constructing

the ERRC. The ERRC is constructed as shown in Fig.4.10 of Chapter 4.
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5.2.4 Force Impulse Control Based on Back-Forward Drivable Torsion Torque

Control (proposed)

This section describes the design of the force impulse control based on back-forward drivable
torsion torque control. Proposed force impulse control is constructed using the ERRC and torsion
torque feedback. The force impulse control is used to realize the stable contact and direct teaching
for polishing motion. Force impulse control realizes approach motion for the environment or direct
teaching operation in case of non-contact with environment. Force impulse control is capable of
stable contact motion for the environment when contacting with the environment. Pushing motion
that needs force control is indirectly realized by using force impulse control. To design the control
gains, the force impulse control system for control design is shown in Fig.5.2. The transfer function
from the force impulse command P to torsion force impulse response P, is derived as

Ps Nprop. (S)

um

~ pomd DB (s)
K

Nt (s) = (8% + wie) B Iy (5:2)
9

Gps(5) (5.1)

K, K
Dprop-<3) = g* + ﬁ—KvS?’ + (wfe + 5_Kp)32
R Ry

en
g

+ ﬁg—;mw;s + 5%;@;36 (5.3)
= (5% 4+ 2C w15 + w?) (5% + 2Gwas + w3)

= s+ 2(Gwr + Guws)s®

+ (w7 + w3 + 4 Gwiwy) s>

+ 2w1w2(C1w2 + CQUJl)S + w%wg. (54)

Compared with (5.3) and (5.4), the control gains are designed by the pole placement method as

follows:
4Ken
= 5.5
=2 (5.5)
w2 R R R
Ky=—2%—% =92 =7 5.6
b ﬁ Ksn 4Kenwae 4Jln ( )
4 K
K, = Wae Ry R, _ R, en (5.7)
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where, the control bandwidths w1, wo and the damping coefficients (;, (o are set to wy = wy = Wee
and (; = (5 = 1.0. This control design is a quadruple-root design. Finally, the transfer function from
the force impulse command P to the external force impulse P, is given inserting (5.5)—(5.7) to

(5.1), as follows:

P, 2 2, 2 2 4
Gpe(s) — — (S + wae)wae wae — wae . (5.8)
Pemd (s 4+ wae)t 24+ w2, (54 wae)?

In (5.8), the transfer function is expressed as the fourth-order low pass filter. Therefore, the smooth

external force impulse response is realized. The resonance ratio [ is calculated from (5.5) as follows:

\/m ““fK
_ e — V5. (5.9)
wae

V Jl V Jl

From (5.9), the resonance ratio is determined as \/5. Therefore, the resonance ratio in the two-spring

system is the same as that given in reference [72]. An overview of the force impulse control system
is shown in Fig.5.3. In Fig.5.3, the FPIDO is used to improve the disturbance suppression perfor-
mance against the motor-side disturbance. The first-order LVOB estimates the load-side velocity for

constructing the ERRC.

5.3 Simulation and Experiment

5.3.1  Numerical Simulation and Experimental Conditions

Herein, this section reports on simulations and experiments in terms of the force impulse control.
Fig.5.4 shows the concept figure of three scenarios in numerical simulation and experiments. In the
first scenario of Fig.5.4 (a), the command response of the force impulse control based on the ERRC is
confirmed. The force impulse command is set to 0.2 Nms to compare it with the experimental results.
The torsion torque is measured using the torsion torque sensor. The external torque is estimated by
a LTOB (see Section 2.3.3). The torsion force impulse and the external force impulse are calculated

using the integrator from the torsion torque and the estimated external torque.
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Figure5.4: Concept figure of numerical simulation and experimental scenarios.
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Figure5.5: Block diagram of load-side torque control using force impulse control of Fig.5.3.

In the second scenario of Fig.5.4 (b), this paper confirms the contact motion from free motion.
This paper assumes contact with the environment during free motion, e.g., a contact motion with the
environment in the direct teaching motion. The external torque is added and the free motion continues
until contact is made with the environment. Then, the force impulse command P g set to zero in
the force impulse control as shown in Fig.5.3.

As an example of the application, this paper finally considers load-side torque control including
contact for the environment using the force impulse control, as shown in Fig.5.4 (c). Then, the force
impulse command is calculated as the ramp command P“"¢ = 7" /s as shown in Fig.5.5. The

torque command 7¢md is set to 1 Nm until contact is established with the environment. After that, the
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Table5.1: Numerical simulation and experimental parameters for proposed force impulse control.

Torque constant Ky, 0.49 Nm/A

Motor — side inertia T 1.44 x 10~* kgm?
Motor viscosity coefficient D 9.80 x 107* Nms/rad
Load — side inertia Jin 0.16 kgm?

Torsion spring constant K., 1.26 x 10* Nm /rad
Gear ratio R, 50.0

Nominal environmental stiffness K., 2592 Nm /rad

Anti — resonant frequency Wae 129.23 rad/s
Resonant frequency of plant whlant —1'312.62 rad /s
Resonant frequency with ERRC WERRC 1 288.97 rad /s
Bandwidth of first — order LVOB Gl 628 rad /s
Bandwidth of FPIDO Jam 628 rad/s
Bandwidth of torque sensor Jtrq 6280 rad/s

Control bandwidth of force impulse control | w; = wy | wee rad/s
Damping coefficient G1=¢C¢ | 1.0

Equivalent resonance ratio gain o) 0.824

Force impulse differential gain K, 2.493

Force impulse proportional gain K, 80.54

Resonance ratio H V5

Bandwidth of PI velocity control W, 1000 rad/s

torque command is set to 2 Nm. The numerical simulation and experimental parameters are listed in

Table5.1.

5.3.2 Numerical Simulation Results of Force Impulse Control

Fig.5.6 shows the simulation results for the force impulse control based on ERRC. In Fig.5.6, the
force impulse response follows the force impulse command smoothly. Moreover, the load-side torque

is regulated to the pulse response according to the force impulse responses.
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Figure5.6: Simulation results of proposed force impulse control. (a) Force impulse (b) Load-side torque.

Fig.5.7 shows the simulation results of contact motion from free motion. As shown in Fig.5.7, the
force impulse response has an offset when the external torque is added during free motion; this occurs
because the system does not account for environmental dynamics. Thus, constant-velocity motion is
achieved after adding a pulse-like input in free motion because the force impulse corresponds to the
velocity. After contact with the environment is established, the environmental dynamics are included
and the force impulse response follows the force impulse command smoothly to zero. Therefore, the

force impulse control achieves a stable contact motion after making contact with the environment.

5.3.3 Experimental Results of Force Impulse Control

Fig.5.8 shows the experimental results for force impulse control. The force impulse response in

Fig.5.8 follows the force impulse command similar to that shown in Fig.5.6. Moreover, the estimated
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Figure5.8: Experimental results of proposed force impulse control. (a) Force impulse (b) Load-side torque.

external torque has occurred a negative response at zero seconds. This is because of the load-side
inertia and torsion stiffness variations.

Fig.5.9 shows the experimental results for the contact motion from free motion. Not only force im-
pulse response but also motor-side velocity become constant value after adding the pulse-like external
torque by human hands at 2.5 s to 3 s. This is because that force impulse control in case of not con-
tacting with environment satisfies the Newton’s law, i.e., 7 = Ja, not including spring and damper.
Here, bode diagram of load-side input characteristics, a;/ fot, in non-contact with environment is
shown in Fig.5.10.

From Fig.5.10, load-side input characteristics, a;/ Tf""t indicate the constant in low-frequency range,
ie., 7 = Ja, is satisfied. Thus, direct teaching operation is realized. Force impulse and motor-side

velocity responses convergent to zero after contact with environment at 4 s. This means that the actu-
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Figure5.9: Experimental results of contact motion using proposed method. (a) Load-side torque.

(b) Force Impulse. (c) Motor-side velocity. (d) Motor-side position.

ator stopped after contact with environment. From Fig.5.9, the stable contact motion using the force
impulse control is also achieved experimentally. The proposed force impulse control realizes the sta-

ble contact and teaching operations for polishing motion under direct teaching, and the effectiveness
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Figure5.10: Bode diagram of load-side input characteristics: a;/7/** in terms of proposed force

impulse control in case of non-contact with environment.

of the force impulse control is validated. However, the overshoot of the motor-side velocity occurred

at 4 s is smaller than in the simulation. This is caused owing to the environmental viscosity.

5.3.4 Simulation and Experimental Results of Load-side Torque Control us-

ing Force Impulse Control

Finally, the load-side torque control is verified using the proposed force impulse control as an
example of the application. Fig.5.11 shows the simulation results for the load-side torque control
with contact motion. From Fig.5.11, the actuator makes contact with the environment at around 0.5
s. Then, the impact torque occurs, but the load-side torque response smoothly follows the load-
side torque command after making contact with the environment. Furthermore, the force impulse
responses also follow the force impulse command calculated from the torque command.

Fig.5.12 shows the experimental results for the load-side torque control including contact, obtained
using force impulse control. Similar to the simulation results in Fig.5.11, the load-side torque re-
sponse follows the load-side torque command smoothly after making contact with the environment.
Based on these results, it is able to be concluded that the force impulse control achieves stable contact
motion. Moreover, it also achieves human-robot interaction, such as direct teaching for polishing

motions.
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Figure5.12: Experimental results of load-side torque control including contact using proposed
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5.4 Summary of Chapter5

This chapter proposes force impulse control based on back-forward drivable torsion torque control
and ERRC for stable contact realization from free motion. The proposed force impulse control is
constructed using a motor-side velocity control, first-order load-side velocity observer (First-order
LVOB), and force impulse controller that is transformed from I-P torsion torque controller. The
proposed method allows for the realization of stable contact motion by regulating the force impulse.
Moreover, this study considers the load-side torque control as an example of the application. As a
result, the good results in terms of the load-side torque control are also verified. The effectiveness of

the proposed method is verified by numerical simulations and experiments.
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Conclusions

6.1 Summary of Dissertation

Recently, the aging population is increasing, besides, the worker population is decreasing. For
such problems, to improve the quality of life, demands of the human support system are increasing
in industrial as well as non-industrial fields. In the dissertation, the research objective is to realize the
stable human-robot interaction control that satisfies back drivability, the robustness of environmental
stiffness variation, and stable contact. The stable environment interaction that satisfies the above
issues is achieved by the back-forward drivable torsion torque control in the dissertation.

The contribution of the dissertation is summarized as follows.

Chapter 1 describes the issues for stable environment interaction and discusses the environmental
interaction control for solving each issue.

Chapter 2 discusses force control for environment interaction and its issues. First, this chapter intro-
duces acceleration-based force control. The acceleration-based force control is able to achieve ideal
back drivability in the single-inertia system. In addition, the acceleration-based force control is also
able to achieve the ideal back drivability in the two-inertia system. However, vibration has occurred
and human-robot interaction performance is reduced. Moreover, the definition of back drivability in

the two-inertia system the characteristics from the load side to the actuator side. In case of evaluat-
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ing human-robot interaction in a two-inertia system, evaluation of the characteristics from load-side
input to load side output, i.e., a;/ Tf” is easy to understand, intuitively. Thus, this characteristic is
defined as back-forward drivability. For this issue, the need for realizing both vibration suppression
and back-forward drivability is described. Moreover, it is necessary to consider the environmental
dynamics for stable force control design. Conventionally, force control based on RRC is proposed for
environment interaction. In this force control system, the open-loop analysis indicated that there is
an unstable condition against K. variation. For this, ensuring high-robustness of K. is also needed.
Finally, stable contact realization discussed that velocity and acceleration need to be brought to zero
after contact with the environment.

Chapter 3 described proposed high back-forward drivable torsion torque control focusing on back-
forward drivability for human interaction. Proposed back-forward drivable control achieve vibration
suppression while maintaining back-forward drivability. As a result, smooth human-robot interaction
is realized and the effectiveness of the proposed approach is validated.

Chapter 4 described proposed high-robust force control based on back-forward drivable torsion
torque control using ERRC against the environmental stiffness variation. ERRC is constructed based
on motor-side velocity control and first-order LVOB. ERRC is a similar structure compared to the
RRC of position/velocity controls. Therefore, the same control approaches proposed in position/velocity
controls are also able to be applied based on the torque-velocity duality for force control design. In
robust stability analysis, the proposed load-side torque control show that it is robust against the envi-
ronmental stiffness variation. High-robust back-forward drivable torsion torque control using ERRC
is realized by considering environmental dynamics.

Chapter 5 described proposed stable contact control based on force impulse control. The force im-
pulse controller is transformed form I-P torque controller in the back-forward drivable torsion torque
control, as indicated in Chapter 3. The ERRC is constructed based on the two-spring system focusing
on the torque-velocity duality and is applied to improve the robustness against environmental stiffness

variation, as indicated in Chapter 4. To achieve a stable contact motion without bouncing phenom-
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ena, the velocity and acceleration need to be brought to zero after contact with the environment. Force
impulse is dependent on velocity; therefore, velocity is also regulated to zero by regulating force im-
pulse to zero. Force impulse control is constructed based on the back-forward drivable torsion torque
control and the ERRC.

The results show that not only back-forward drivability is ensured is demonstrated, but also force
impulse control is robust against the environmental stiffness variation. The high-performance environ-
ment interaction control, which realizes both back drivable and stable contact motion, was achieved

based on force impulse control.

6.2 Future Tasks

This thesis has demonstrated new force control approach that satisfies some issues, back drivability,
robustness of K., and stable contact, for improving environment interaction performance. Force
control is designed focusing on torque-velocity duality in the geared actuator with torsion torque

sensor. To expand proposed approach, there are some issues.

e Implementation to manipulator.
e Relationship between back-forward drivability and stable contact.

e Comparison of proposed control using other load-side sensors

In Chapters 4 and 5 of this thesis, the proposed method has considered environmental dynamics.
Moreover, the control system is assumed as one joint model in the manipulator. To implement the
proposed method to the manipulator, it is necessary to examine the dynamic influence on each axis.
Dynamic force affects the control performance; thus, dynamic influence will be compensated using
the dynamic equation or DOB scheme.

Chapter 3 has demonstrated proposed back-forward drivable torsion torque control for improving
back-forward drivability. Ideal back-forward drivability is almost realized by the proposed method,

but stable contact is not realized. On the other hand, chapter 5 has demonstrated the stable contact
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motion using force impulse control based on back-forward drivable torsion torque control. In this
proposed method, back-forward drivability in low-frequency range is lower than the proposed method
of Chapter 3. From these results, trade-off relationship between back-forward drivability and stable
contact realization is considered. Thus, control design will be considered to realize more high back-
forward drivability and stable contact for high-performance environment interaction.

This thesis utilizes a geared actuator with a torsion torque sensor, which is assumed as one joint
model of the manipulator. The proposed methods in this thesis are constructed using torsion torque
feedback. To expand for general equipment, the proposed control design using other load-side sensors

needs to be considered.
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A

Analysis of High Back-Forward Drivable
Control System, Including Sensor and

Control dynamics

A.1  Comparison of Back-Forward Drivability for Proposed and
Conventional Back-Forward Drivable Control Systems Con-

sidering Bandwidth of Torsion Torque Sensor

This section indicates the Bode diagram in app. Fig. A.1 for the proposed and conventional back-
forward drivable control systems considering bandwidth of the torsion torque sensor. In this analysis,
the dynamics of the torsion torque sensor is expressed as a 1st-order LPF that is set to 1 kHz, i.e.,
6280 rad/s.

From app. Fig. A.l it is clear that, even though the torsion torque sensor is considered in the
conventional and proposed methods, it does not affect the back-forward drivability of either method.

Thus, the bandwidth of the torsion torque sensor gy, is able to be ignored in this study.
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FigureA.1: Bode diagram of back-forward drivability in terms of proposed and conventional back-

forward drivable control systems considering the bandwidth of torsion torque sensor.

A.2 Comparison of PID type TTC and I-P+w, Feedback type
TTC

This section describes the difference between PID type TTC and the proposed TTC. Moreover, this
paper assumes that friction is compensated and sensor and observer estimation values are the same as
the actual values. The transfer function of the TTC designed in this paper is given from (3.12)—(3.21).

Next, the transfer function of the PID type TTC is derived as

- Bl (Kys? + Kps + K )

ref KKK
T B4 KsKths%{ : p+<J i+ Ks)}s + K
mitg

(A.1)

Equations (3.12) and (A.1) are 3rd-order transfer functions. These equations do not include the ob-
server dynamics of the VDO or pseudo differentiator. However, the actual system has observer dy-
namics or differentiator about feedback gains. Thus, this paper analyzes the block diagrams of the
two type TTCs as shown in app.Fig. A.2 and app.Fig. A.3. From app. Fig. A.2, the transfer function

of PID type TTC is derived as
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In app. Fig. A.3, the velocity deviation estimation of the VDO is expressed as

3
O = Wy — iLgdlngewt. (A.4)
Jin (54 gar)

From (A.4), the estimated velocity deviation w; is same as the actual velocity deviation ws. Here, the
external torque is not considered. Thus, the transfer function from torsion torque reference 77¢/ to
torsion torque 7 in terms of app. Fig. A.3 is similar to (3.12). Next, the transfer functions in (3.12),
(A.1), and (A.2) are compared. In (3.12) and (A.1), the two type TTCs have the same denominator
after applying the pole placement method. However, the difference between the two type TTCs (PID,
[-P+w, feedback) is the transfer function of the control system. Actually, it is necessary to use the

differentiator for torque differential gain K; of PID type TTC, but the actual PID type TTC uses a
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FigureA.6: Simulation result of PID type TTC.
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FigureA.7: Simulation result of I-P+w; feedback type TTC.

7.4

7.5

pseudo differentiator to differentiate the torsion torque as shown in app.Fig. A.2. By contrast, [-P+w;

feedback type TTC in this paper uses a VDO to estimate the velocity deviation. The estimate of

velocity deviation using a VDO is the same as actual velocity deviation in the case where there is

no parameter variation. Thus, the transfer function of I-P+w, feedback type TTC considering VDO

dynamics is the same as (3.12). This paper analyzes the bandwidth of the pseudo differentiator when

designing control gains using the pole placement method. From (A.3), PID-type TTC is designed as
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a 4th-order system. The control gains are calculated as follows:

(s+ Pi)(s+ P)(s+ P3)(s + Fa)
=s'+ (PL+ P+ P+ Py)s’ + (PP + PP
+ P3Py + PP, + PPy + P Ps)s* + (P P Ps
+ PyP3Py+ P3Py Py, + Py Py Py)s + P P, Ps Py

= s+ 9135 + grs® + gns + guo (A.S)
K; = %gto (A.6)
K, = %{gtl - Kf;m]:tgg[(z — (ij;gg + I;;:).gpd} (A.7)
Ky = %{gz - (Kjf;%f T Jf;%g + 2} (A8)
Ipd = Gi3- (A.9)

Control poles of the two types TTCs are set to 350 rad/s using the pole placement method. App. Fig.
A.4 and app. Fig. A.5 show the Bode diagram and pole-zero assignment for the two types TTCs,
respectively. In app. Fig. A.5, PID type TTC has two zeros, but I-P+w, feedback type TTC has none.
Therefore, the zeros of PID type TTC change transient response. App. Fig. A.6 and app. Fig. A.7
show the torsion torque response for the two types TTCs. In these results, even though PID type TTC
is designed by the pole placement method, the torsion torque response of PID type TTC is not better

than that of I-P+w, feedback type TTC.
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B

Analysis of Stable Contact Control System
using on Force Impulse Based on
Back-Forward Drivable Torsion Torque

Control

B.1 Analysis of Environmental Stiffness Variation in Command

Response of Proposed Force Impulse Control

The contact motion should be stable with respect to various environmental perturbations. There-
fore, this paper analyzes the robustness of the proposed approach with respect to the environmental
stiffness variation (K. variation). App. Figs. B.1 and B.2 show the Bode diagram and pole-zero
assignment in terms of the command response of the force impulse control system, for various of K.
From app. Figs. B.1 and B.2, this paper concludes that the proposed force impulse control is robust to
K, variations as strong as +500%. Therefore, robustness with respect to environmental fluctuations is
able to be achieved by setting the value of the nominal environmental stiffness, K., to be below the

actual K, value, i.e., K., < K,.
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FigureB.1: Bode diagram of command response P,/ P“"¢ under K variation.
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FigureB.2: Pole-zero assignment of command response P,/ P“™? under K, variation.

B.2 Analysis of Load-side Inertia and Torsion Stiffness Varia-

tions in Proposed Force Impulse Control

To analyze the effect of parameter variations, this section evaluates the J; and K variations in
the proposed force impulse control system. app.Fig.B.3 shows the numerical simulation results of
proposed force impulse control in case of J; and K variations.

The simulation results of app.Fig.B.3 (a) and (b) in case of J; = 2.0.J;,, has no negative response
at zero second. Moreover, the force impulse and load-side torque responses around 0.1 s have a little

vibration. On the other hand, the results of app.Fig.B.3 (a) and (b) in case of .J; = 0.5.J;,, indicate that
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FigureB.3: Simulation results of proposed force impulse control in case of J; and K variations.

(a) Force impulse. (b) Load-side torque. (c) Force impulse. (d) Load-side torque.

there is a little negative response in the estimated external torque at zero second. Thus, J; variation
is possible to affect the negative response of the estimated external torque at zero second in the force
impulse control.

In app.Fig.B.3 (c) and (d), the simulation results in case of K, = 2.0k, has no negative response
similar to that of J; = 2.0J, at zero second, but there is negative response at zero second in the
simulation results in case of K, = 0.5K,,. However, both force impulse responses, considering
J; and K variations, follow the force impulse command, smoothly. Therefore, the proposed force

impulse control is also stable against .J; and K, variations of +100%.

B.3 Comparison of Command Response in Motor-side Veloc-

ity and Force Impulse Controls

To compare the control bandwidth between the motor-side velocity control of the minor loop and

the force impulse control, this section evaluates the Bode diagram of command response in terms
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of both motor-side velocity control and force impulse control. app.Fig.B.4 shows Bode diagram of
command response in both motor-side velocity control and force impulse control.

In app.Fig.B.4, the bandwidth of motor-side velocity control is enough higher than that of force
impulse control. Therefore, the transfer function of motor-side velocity control is regarded as one

from the view of the force impulse controller and .J,, is able to be neglected.
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B.4 Verification of Command Response in Proposed Force Im-
pulse Control Considering Bandwidth of Torsion Torque

Sensor

This section indicates the Bode diagram show in app. Fig.B.5 in term of the command response of
the proposed force impulse control considering bandwidth of the torsion torque sensor. Torque sensor
dynamics is 1st-order LPF, i.e., L;;(5) = girq/ (5 + girq)- In app. Fig.B.5, the proposed force impulse
control in case of ideal bandwidth and that of considering the bandwidth of torsion torque sensor, i.e.,
1 kHz are same frequency characteristics. Therefore, bandwidth of the torsion torque sensor is able

to be ignored in this paper.
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