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Chapter 1

Introduction

1.1 Background of This Dissertation
1.1.1 Motion Control Systems in Open Environment

In the future, it is predicted that some developed countries will face problems with an aged society
because of decreasing birth rates [1]. Concerns associated with an aged society include the decreased
number of workers and the shortage of technical skills of skilled workers. In addition, the number of
elderly people who require nursing care will increase. In such a society, motion control technologies
will become important for robots, which will substitute human workers and support human beings [2, 3].
Acquiring and analyzing human motions by using robot techniques is important issue. Thus, motion
control systems will be widely used not only in industrial applications but also in cooperative systems
with human beings in open environments.

In order to realize robot systems realizing desired tasks in open environments with human being
and/or unknown environment, precise and flexible motion control systems should be required. Especially,
the precise trajectory and force control for contact motions are required to preserve and reproduce the
techniques of skilled workers . In order to realize the motion control systems in the open environments,
information of disturbance and external force should be obtained.

A two-degree-of-freedom (DOF) control system [4] based on a disturbance observer (DOB) [5-8] is
one of the most effective methods for realizing robust motion control systems. The control system us-
ing the DOB is easy to implement and understand compared to other robust control methods (e.g., H

control [9] and/or sliding mode control [10]). Several studies are reported in which robust and precise
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positioning control is realized by DOB-Based methods [11-15]. On the contrary, reaction torque/force
control is required for precise control needed for making contact with delicate objects and for interacting
wit, unknown objects and/or human beings [16,17]. Especially, robust reaction torque/force control sys-
tems based on DOBs without force sensors based on reaction torque/force observers (RTOBs/RFOBs)
[6, 18, 19] have been developed as the effective controllers. Advantages of the observer based approach
have been confirmed in literatures (e.g. [20]). The four-channel bilateral controller based on an acceler-
ation controller is a kind of DOB-based 2-DOF control structure, and many DOBs have been developed
for other applications such as multi-DOF (MDOF) systems [21], two-mass resonant systems [22-24],
and time-delay systems [25].

The acceleration-based reaction torque control technique can be applied also to as bilateral teleoper-
ation systems [26-28]. The bilateral control systems are the subject of many research efforts with the
ultimate goal of realizing teleoperation [29-33]. The bilateral control system is also being actively re-
searched to realize many other advanced applications [34—39]. A bilateral control system consists of a
pair of robots (i.e., a master robot and a slave robot). The goal is usually to achieve position tracking and
haptic feedback (artificial reconstruction of “law of action and reaction”) between the master and slave
systems. Therefore, operators can manipulate objects with precise kinesthetic feedback as if the objects
were in their own hands. Transparency [29] is introduced as a performance index for bilateral control.
The index represents the degree of coincidence between an impedance that an operator recognizes and
an environmental impedance. A four-channel bilateral controller [26] based on an acceleration controller
can realize the high transparency. The transparency can be analyzed in detail by being divided into op-
erationality and reproducibility [26]. Bilateral control systems are expected to become a key technology
for remote medical care, remote communications, and for taking the part of human operatives in haz-
ardous environments. Additionally, bilateral control systems can also be utilized to obtain and analyze
an operative’s motions including force information [40,41].

Not only analysing human motions, but also storing and reproducing (inherit) human motions such as
skilled techniques will also be important in order to deal with the loss of them. Motion capture [42] is
often used to analyze human motions. Much research and development has also gone into demonstrating
human motions with robots [43-45]. However, most studies have mainly utilized motion trajectory
information; analyzing or imitating contact motions conducted by human operators is difficult.

For storing and reproducing human motions including contact motions, bilateral control is also uti-

lized in motion-copying system (MCS) [46]. The MCS was developed as a method for storing and
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reproducing human motions, including kinesthetic senses, to realize contact motions with the environ-
ment or humans using robots. The MCS has two phases: motion saving and motion reproduction. In the
motion-saving phase, the motions of human operators are recorded with a bilateral control system. In
the motion-reproduction phase, the motions of the operator are reproduced through pseudo-bilateral con-
trol between the database (virtual master system) and the slave system using both the position and force
information. The motion saving phase corresponds to a robot programing method by human demon-
stration [43,47-50]. On the other hand, MCS can obtain more vivid and accurate haptic information
than the conventional programing by the demonstration because the MCS utilizes the acceleration based
bilateral control system. The MCS has the potential to realize complicated tasks like repeating free and
contact motions. Besides reproduction, the MCS is also anticipated to be applied to training and power
assist systems [51,52] to pass techniques down to younger generations and for rehabilitation with robots
[53,54].

A lot of useful applications have been developed based on DOB/RFOB based motion-control systems
which are not able to be mentioned above.

However, motion control systems do not necessarily demonstrate desired performance depending on
the conditions of devices and environments such as appearances of unknown disturbances which DOBs

cannot suppress and effects of noises from sensors.

1.1.2 Effect of Noise in Disturbance/External Force Estimation

If the signals observed for estimating disturbance/external torque (i.e., velocity or position informa-
tion), however, includes observation noise or quantization error, the effect of the noises is enhanced
[8,15,55]. This is because the two times time derivative of the position information from sensors is re-
quired to estimate the disturbance information. As a result, estimation and control system performances
based on DOB/RFOB are adversely affected. Therefore, there is a trade-off between a performance and
noise sensitivity in the determination of the bandwidth of the disturbance estimation. Noise or quanti-
zation errors adversely affect control performances in many cases [56]. Not only the estimated distur-
bance/external torque but also the position or velocity signals that include noisy signals are fed back to
the system, adversely affecting the control system performance.

Kalman filter technologies have been actively researched for reducing the effects of noise in control
systems. Kalman filters have been applied for reducing noise effects in the estimation of system state

variables [57-63]. Several studies in which DOBs and RTOBs are combined with Kalman filter tech-
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niques have been reported [64—67]. Mitsantisuk et al. proposed a Kalman filter-based state observer
(KFSO) with disturbance torque as a state variable and a method for sensor fusion of position and ac-
celeration sensors by using a Kalman filter for realizing wide-band DOBs [65]. The methods discussed
above have been applied for acceleration-based bilateral control systems By using the Kalman filter, the
noise effect can be suppressed effectively in motion control systems based on DOBs and RTOBs.

It is known that the performance of the Kalman filter depends on the determination of the covariance
matrix with respect to system noise [68]. If the state estimation including disturbance torque is con-
sidered, the number of the elements in the matrix is nine [65] However, many researches determine the
parameters by tests and simulations and the parameter determination process is not clear [65, 67, 69].
The relationship between the parameters is also not clear. Furthermore, it is difficult to perform torque
estimation for obtaining the actual value of the variances of system noise, though a conventional method

for estimating velocity information [67] obtains the values through experiments and tests.

1.1.3 Contact Motion with Unknown Environment

Itis known that the performance characteristics of conventional force control based on the DOB/RFOB
depends on environmental characteristics [8,18,19]. Therefore, depending on environment, the response
of the force tracking control system becomes oscillatory and in the worst case becomes unstable.

If the velocity damping is utilized for stabilization, however, this reads the deterioration from the
view point of control stiffness [7,70]. In the ideal force control system, the control stiffness should be
zero. However, the control stiffness with velocity damping becomes larger because the velocity feedback
term behaves as artificial viscous friction. Therefore, simultaneous realization of stabilization and ideal
control stiffness is difficult.

There are several researches regarding achieving stable and improved performance of the force track-
ing control system [71,72]. However, the design methods for the force tracking control of the conven-
tional methods are not clear.

In addition, second order time derivative of the estimated disturbance force is required if the variation
of the environmental parameters are tried to be compensated for fixing environmental characteristics [23,
73,74]. The second order time derivative of the estimated disturbance corresponds to fourth order time
derivative position information form sensors. Therefore, the compensation results in further enlargement

of the noise effect.
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1.1.4 Position/Force Hybrid Control for Human Motion Extraction

In motion control systems, hybrid control systems in which position/force control systems are con-
structed in different axes [75] will be important for the interaction with human beings and outer environ-
ments. The bilateral control system is a kind of the hybrid control system.

To determine the general versatility of the MCS, precise bilateral control should be realized even if the
master and slave systems are configured differently (having different masses, for example). To achieve
the appropriate bilateral control, decoupling control of the position and force control systems should be
realized. Decoupling control is particularly important for motion control systems [76,77]. Shimono et
al. proposed a bilateral control system with master and slave systems having different masses by using a
standardization matrix [78]. However, this method has to include mass elements in the control goals and
they mentioned only a single DOF master and slave system. Sakaino et al. described the bilateral control
system as a hybrid controller [79] of the position and force control systems, and identified the points at
which the force and position control systems interfere with each other in a conventional hybrid control
scheme [75]. By introducing an equivalent mass matrix [21,75], in the modal spaces (e.g., the common
and differential modal spaces [78]), the problems associated with bilateral control using a conventional
hybrid controller can be clarified. To eliminate the interferences, a precise hybrid controller with a
hybrid matrix [79, 80] was proposed and realized improvements over a conventional hybrid controller
[75]. However, the dynamics in the modal space after the implementation of the methods are still not
clear. On the other hand, a hybrid controller based on an MDOB was proposed [81] to realize decoupling
control in the modal space by extending the workspace observer [21]. In the study, the MDOB realized
a higher level of performances than was possible with the hybrid matrix based method under certain
conditions. As indicated in [21], decoupling control based on a force controller using WDOB offers
the possibility of becoming unstable when the system configuration is subject to substantial fluctuations.
Therefore, the variation in the equivalent mass matrix should be considered in order to realize stable and
desired responses [21].

If a robot manipulator has a redundant degree of freedom (RDOF), it will be possible for the robot
to not only execute primary tasks with subtasks in a null space, but also to perform obstacle avoidance,
singularity avoidance, and adaptation to the environment [82,83]. Therefore, hybrid control systems with
RDOF will be necessary for motion control systems to perform future applications for human support

systems and robots in unknown and open environments. However, in the case of the redundant manipu-
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lator, the effect of manipulator variation may become significant. Furthermore, not only the decoupling
of the position and force control systems but also the decoupling of a task space (a mode space) should
be considered. If inverse kinematics of a manipulator are conducted, the null space response interferes
with work space motions [84].

Several methods have been developed to cancel the inertial force, as presented in [85,86]. The method
using a force-based DOB [85] constructs DOBs in the modal spaces, rather than in the joint space,
for hybrid control. A hybrid controller using a force-based DOB, however, has the same structure as
an MDOB in a position-control system. Therefore, this method will present the same problems as an
MDOB-based method regarding the variation in the stability with the manipulator configuration. A
compensation method based on an acceleration observer relies on information related to the estimated
acceleration in the actuator spaces (in both the master and slave systems). Therefore, the total dynamics
in the modal space are not adequately reflected on the compensation.

In addition, scaled bilateral [34,35] control systems also have a problem with respect to enlargement
of noise effect. Macro-micro bilateral control with scaling factor enables operators to manipulate small
objects with feeling scaled tactile and kinesthetic sense feedback as if they are large at hand. However, a
higher scaling factor leads the relative enlargement of noise from slave system. The noise effect results

in the deterioration of the performance of the scaled bilateral control system.

1.1.5 Human Motion Reproduction with Variation of Environments

One problem with the MCS is a lack of flexibility with regard to variances in the environments be-
tween the saving and reproduction phases [87-90]. Here, a variance means a difference in distances
between the actuators (slave side) and environment or differences in environmental impedances. Exter-
nal forces that are not added to the slave system in the saving phase are also included in the differences
in impedances. When variances in the environment occur, both the trajectories and contact motions are
not reproduced, and the stored motions lack general versatility. In order to actually utilize the MCS in
industrial applications or operations in an open environment, where robots interact with humans, the
stored motions need to show flexibility and general versatility despite environmental variances. In [87],
motion-reproduction system with coordinate modification was proposed, but the design methodology is
ambiguous. Furthermore, the method addressed only force reproduction. Therefore, the effect of the
environmental variance on the position reproduction is neglected. In order to deal with differences in

distances, a velocity-based motion reproduction method was developed [88]. To realize flexible robot
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tasks, force-based impedance control systems have been developed for motion control, such as in [91].
However, using the velocity-based method or force-based impedance control system in the reproduc-
tion phase requires altering the controllers of the bilateral control system in the saving phase. These
alterations mean that the transparency from using the four-channel bilateral controller is lost. Thus, the
above approaches degrade the motion reproduction performance. In addition, the velocity-based method
is difficult to apply in the presence of unknown disturbances because the trajectory reproduction is ne-
glected, so the system cannot return to the original trajectory once it has been deorbited by the additional

disturbance.

1.2 Motivation of This Dissertation

As described above, even though the DOB/RFOB based robust control systems are implemented in the
each application, there are a lot of situations where the control system cannot achieve their original and/or
desired performances. Dealing with unknown parameter variations or disturbances with unknown and
open environments or sensing noises are important issues for the engineering and industrial applications.

This dissertation focuses on the disturbance and noise attenuation to realize precise and flexible mo-
tion control systems including position/force hybrid control for the bilateral control systems and motion-
reproduction systems. The purpose of this dissertation is to establish strategies for the estimation and
compensation of high-order disturbance in motion control systems for solving the problems described
above. Not only the disturbance suppression in an actuator, but also disturbances in multi-degree-of-
freedom (MDOF) systems and environmental variations are included in category of aims in this disser-
tation.

Usually, the model of disturbance in conventional disturbance estimation is regarded as a step signal
[7,92] and its time derivative is regarded as zero. Therefore, the conventional DOBs are called “zero-
order DOB”. On the other hand, this dissertation addresses on higher order disturbance [93-95] estima-
tion with considering stochastic behavior for noise suppression based on Kalman filters. Additionally,
higher order time derivatives of the disturbances are actively utilized for the performance improvement
of the control systems.

This dissertation also focuses on the similarity between two mass resonant system and force con-
trol system in order to realize a flexible and stable force control system. To construct the force control

system, parameter variations of environment are defined as environmental disturbance (EnvD) [73,74].
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The higher order disturbance and its time derivatives are utilized also for suppressing the EnvDs. Fur-
thermore, the difference of environment between motion saving phase and reproduction phase is also
regarded as EnvD.The general framework for the motion reproduction based on compensation of EnvD
[96] is established in this dissertation.

In order to improve performance of the position/force hybrid control systems including bilateral con-
trol, a novel disturbance observer is proposed in this dissertation [97]. By using the proposed approach,
the decoupling control, performance improvement of hybrid control and the simplification of controller
design are achieved. The novel DOB is extended also to the redundant system and combined with KFSO
based on the proposed design methodology.

Moreover, the proposed high-order disturbance estimation in actuators and environments is integrated
for the motion-reproduction system for flexible adapting the difference with respect to not only environ-
ment but also reproduction device itself.

The framework derived in this dissertation for the estimation and compensation of high-order distur-
bance will play an important role for further improvement of performance of industrial applications. The
conceptual figure of this dissertation is shown in Fig. 1-1. The proposed method for the estimation and
compensation of high-order disturbances will contribute to expand the versatility of the motion control

systems.
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1.3 Chapter Organization of This Dissertation

Fig. 1-2 shows the chapter organization of this dissertation.

In chapter 2, models of the high-order disturbances with considering stochastic behavior in actuators
and environments are defined to clarify effects of noises in the estimation. A fundamental approach of
designing KFSO for the disturbance estimation based on the proposed modeling are shown in this chapter.
This chapter also shows that a high-order disturbance observer based on a Kalman filter [98] becomes
easy to design by including a process noise in highest order of the time derivative of the disturbance as a
model. Additionally, the proposed observers are applied to force control systems and the performance is
investigated.

Chapter 3 shows that the resonance ratio control [22] for a vibration control can be applied to the
force control systems by considering the similarity between a two mass resonant system and a force
control system [74]. Additionally, Kalman filter based high-order environmental disturbance compen-
sation is realized by considering the correspondence of load side disturbances and parameter variations
of an environment. The proposed method achieves the simultaneous realization of maintaining an ideal
characteristic of force control and stable contact motions.

Chapter 4 shows that a decoupling control of a hybrid control for the human motion extraction can
be realized by extending an acceleration controller in a work space of a robot to hybrid control system
[97]. Furthermore, the method for suppressing a particular disturbance in hybrid controller is proposed.
The performance enhancement of the proposal is confirmed. Moreover, the proposed method is extended
for the redundant systems and integration of the Kalman filter based disturbance estimation [99] is also
proposed.

Chapter 5 shows that an adaptation method for environmental variation between the motion extraction
phase and motion-reproduction phase. By formulating the characteristics of tracking performance with
respect to the motion-reproduction control, the performance deterioration of the conventional motion-
reproduction controllers are clarified. Furthermore, by regarding the environmental variation as the en-
vironmental disturbance in the motion reproduction, motion-reproduction compensators are proposed to
suppress the environmental disturbance. The proposed method achieves the simultaneous realization of
the precise motion reproduction and flexible adaptation to environmental variation which are difficult for
the conventional method. The fundamental principle and design framework for the motion-reproduction

system is established in this chapter [96].
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Chapter 6 describes the proposed method for extending the general versatility of the saved human

motion information. By integrating and applying the methods shown in the former chapters to a motion-

reproduction system, the flexible and robust motion reproduction is realized against the environmental

variations and effect of noises. Finally, this dissertation is concluded in chapter 7.
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Chapter 2

High-Order Disturbance Estimation Based
on Kalman Filter

2.1 Introduction of Chapter 2

In this chapter, high-order disturbances with considering stochastic behavior are described. The high-
order disturbances in an actuator, a multi-degree-of-freedom (MDOF) system and an environment are
explained.

Based on the modeling of the higher order disturbance with considering stochastic behavior, this
chapter shows a design of the Kalman filter based state observer (KFSO) [65] for high-order disturbance
estimation. This chapter focuses on the tuning of the covariance matrix with respect to process noise. As
for the most simple case, the tuning of the KFSO for zero-order disturbance estimation is described for
the confirmation.

By the proposed tuning structure, the number of parameters to be determined is reduced from nine
to two compared with the conventional researches without considering the stochastic behavior of the
disturbances [65,67]. The structure of Kalman filter-based external torque estimation without using a
nonlinear Kalman filter [63, 100] is also proposed. The characteristics of the Kalman filter designed by
the proposed structure are analyzed using the steady-state Kalman filter (SSKF). The analysis reveals that
the relationship between the two parameters for realizing appropriate tuning of disturbance and external
torques estimation.

Experimental results validated the tuning method and analytical results.

Additionally, this chapter also shows a high-order disturbance estimation using Kalman filter for pre-
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cise reaction-torque control [98]. The disturbance/external torque is modeled as ramp signal of a time
function [93,95] although the disturbances are usually modeled as step signals in conventional DOBs or
KFSOs [65]. Here, the disturbance observer structure is included in a different form of the KFSO [67].
By using the proposed high-order disturbance/external torque estimation method, a reaction torque con-
trol system with a PD controller is constructed by using the estimated external torque and the estimated
time derivative of the external torque with compensating disturbance term. Usually, reaction torque con-
trol systems based on a DOB or RTOB have used a proportional (P) controller for the feedback loop.
A performance improvement of the reaction torque control can be expected by using the proportional
derivative controller (PD) as an alternative to the P controller. However, the PD controller is difficult to
use because the differentiation of the estimated external torque by the RTOB often enlarges the effect of
the noise or the quantization error. If the noise or the quantization error is included in the observed sig-
nals, the estimated disturbance and reaction torque are affected by the observation noises. On the other
hand, the proposed method realizes the suppression of noise effect not only in the disturbance estimation
but also in estimation of its time derivative for D controller. In addition, frequency characteristics of
the proposed KFSO are approximately analyzed by deriving a steady-state Kalman filter (SSKF). The
validity of the proposed method is confirmed through an experiment of the reaction torque control that

makes contact with an environment by using a single degree-of-freedom rotary motor.
2.2 Description of High-Order Disturbances

2.2.1 Motion Equation of An Actuator with Disturbance

This part describes a high-order disturbance in an actuator is described. A motion equation of an

actuator with parameter variation is expressed as

MXI'eS — Ktlref o FeXt o FfriC (21)
(Mn + AM) XI‘QS — (Ktn + AKt) Iref _ FeXt _ Ffric (22)
— Fref _ Fext _ Ffric + AKtlref (23)

where X, I, Fext, Ffric pref 0y K, and Ae represent a position, a current, an external force, a friction
force, a reference force, a mass, a thrust force coefficient, and a parameter variation, respectively. In

addition, a subscript n represent a nominal value. In the motion equation (2.2), a disturbance force F4i
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is defined as follows:

Fdis — pext + Ffric + AMXres _ AKtIref (2.4)

Fload — Ffric + AMXres _ AKtIref. 2.5

The disturbance term can be estimated by using a DOB as follows [5-7]:
Fdis gdis(s) Fref _ 2 XS (2.6)
= gi%(s)FI® @.7)
where gfis(s) is a low-pass filter in disturbance estimation for suppressing noise effect. By feeding back

the estimated disturbance, a robust acceleration control can be realized if the bandwidth of gfis(s) is

sufficiently high, as follows:

M Xres _ Fref + Fdis _ Fdis (2 8)
n = .

— Manef . ggis(S)FdiS — Manef . Pdis (2.9)

~ M,X"f (2.10)

Xres — Xref (21 1)

where M,, and P4 represent a nominal value and an equivalent disturbance through a high-pass filter,
respectively. In actual cases, however, a position response from a sensing device includes a observation

noise. An estimated disturbance considering the observation noise w is described as follows:

Fdis — gldiS(s) |:Fref _ Mn82yres] (212)
— gldis(s) |:Fref _ MnSQXreS:| + Mngiﬁs(S)SQw (213)
= gi"(s)F™ + g§(s)w (2.14)

where output signal Y (¢) includes an observation noise w(t) as
Y (4) = X7 (¢) + w(t). (2.15)

In this dissertation, the observation noise is assumed to be a normal white noise. In (2.13), g]dvis(s)
represents a noise sensitivity function. Because the noise effect is enlarged if the bandwidth of the low-

pass filter is set to higher value, the bandwidth of the DOB have a constraint in actual case.
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_____________________________________________

5 pdis s Actuator :
Xﬁ,M Frei 1 Iref_|_ E e _Ptl _l_iL 1 Xres E
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E . B Yresi
= Kin t;r‘ M, s%——
g7 (s)
5 F‘”‘tl RFOB!

Fig. 2-1: Block diagram of DOB and RFOB.

A DOB based on the velocity information [5, 6, 8, 18] estimates the disturbance by using estimated

velocity signal form pseudo differentiator as

Fdis — gldiS(S) [Fref . Mns)zvres + Mngl(iis(s)glpd(s)s2w (216)

X' = gPd(s)sXTes, (2.17)

Similarly, the external force can be estimated by using RFOB [6, 19] as follows:

Fext — ngt(S) |:Fref _ Fload _ Mn82Xres] + Mng?Xt(S)SQU) (2.18)
— P F 4 g7 (s)uw. 2.19)

For the estimation of the external force, the load force except for the external force F'°2d should be
identified.

The motion equation of the actuator is rewritten with considering noise effect from a motion controller
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C(s)w in F*f as follows:

M chs _ Frcf + ﬁwdis o Fdis (2 20)

n - .
— Fref + gldiS(S)Fdis _ Fdis + C( )w + gd1S( ) (221)
= Frf— PO 4 C(s)w + gf (s)w. (2.22)

A motion equation is rewritten with the noises expressed as a process noise v4 as follows:

Manes _ Féef . Fdis + Udis (223)
vl = Cn(s)w + gi(s)w. (2.24)
where v is a process noise in the dimension of the disturbance. The process noise is also assumed to

be a normal white noise in this dissertation. In this dissertation, the process noise v4* is assumed not to
have correlation with w(t).
Fig. 2-1 shows a block diagram of the disturbance/external force estimation based on a DOB and a

RFOB.

2.2.2 Model for High Order Disturbance with Stochastic Behavior

In order to estimate the disturbance term, a model of the disturbance should be defined. In this disser-
tation, the model of the disturbance with considering a stochastic behavior is defined as follows:

dn+1 dis dis

i . . . . . . . . mn+1 i
where vgilﬁn (t) is a process noise which drives the n-th-order time derivative of the disturbance jtnﬁFd‘S(t).
The process noise is also assumed to be a normal white noise in this dissertation. The integrals of the

(2.26) is described as follows:

dr . t
dTanls(t) = D, + /0 038, (T)dT (2.26)
d dis 1 n— 1 dis mn
UM = Dt D Dyt vdlfn T)dT (2.27)
FE(t) = Do+ Dyt +---+ Dnt" / / o3, (T)dT™ ! (2.28)
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The above equations are rewritten as follows:

t t
FUS(t) = do+dit+ -+ dpt™ + / / v (T)dT™ ! (2.29)
0 0
d . .
—Fds(t) = Fdis(y) (2.30)
dt
t t
= d1+~-+ndnt”1+/ / o3, (T)dT™ (2.31)
0 0
dn . t .
dn+1 dis dis
T P ) = i (1) (2.33)
where
1
dk:EDk (]CZO, 1, n—l, ’TL) (2.34)

dis

In this dissertation, the process noise v4i. (t) is also assumed not to have correlation with w(t) and v,

In usual zeroth-order DOBs, the model of the disturbance is set as follows: [5,92]
Fas(t) = 0. (2.35)

This equation represents that the disturbance is modeled as step signal. Even though the higher-order
DOBs, the highest-order time derivative of disturbance is also set to zero [93-95], because they are
approximated by polynomials of n-th-order of the time ¢. However, these neglect cause difficulty in
constructing and designing Kalman filter based state observer (KFSO) for the disturbance estimation
[65].

On the other hand, this dissertation considers the presence of the process noise in the highest-order
time derivative of the process noise as shown in (2.33). This makes it possible to construct and design

KFSOs for disturbance estimation. The details of the design are described in the following parts.

2.2.3 High-Order Disturbance in MDOF Hybrid Control System

It is known that an acceleration controller based on joint space DOBs realizes a decoupling control in
MDOF systems [21]. However, a disturbance caused by simplification of inverse kinematics is remained
even though the DOBs work ideally. The disturbance is expressed as follows:

XU _pgres (2.36)

- ref o res

=X —-X (2.37)
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where X and T represent a position vector and a transformation matrix, respectively. In addition, if the

ref

w18 added to the disturbance as

local system has a redundancy, interference from the null space T'®

follows [82,84,101]:

X = e - Tt (2.38)

null

. ref ..
= X - X (2.39)
Furthermore, if a force control system in a hybrid controller is focused on, a inertia force term behaves

as a disturbance term [85,97] as follows:

AT = (I-8) X" — Tl — T

+ M~ — (I - 8)diag [M~']] PY + (I — §)diag [M~'] P*  (2.40)

= X SX™ (I - 8)diag [M ] P, 2.41)

where Adis, S and I represent an acceleration disturbance in a hybrid controller, a selection matrix for
p y

position control and identity matrix, respectively. The disturbance vector in MDOF systems are also

modeled with the time derivative of the process noise as follows:

AY(t) = dy+dit+ -+ dpt™ + / / vgﬁn )dT™ (2.42)
d dis Y dls n— 1 dis n
d" dis ! dis
dn+1 Qi gi
S AT () = o). (2.45)

Details of the decoupling process and the suppression of disturbance in the hybrid controller is explained

in chapter 5.
2.2.4 High-Order Environmental Disturbance [73,74,96]
Environmental Disturbance as Impedance Variation [73,74]

Parameter variations in environmental characteristics can also be regarded as disturbances. A rela-

tionship between the external force and an environmental impedance with a parameter variation from
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nominal model is described as follows:
F& = Ze(8) X' = (Zen(s) + AZ(s)) X (2.46)

where Z,.(s) represent an environmental impedance. An environmental disturbance (EnvD) is defined as

below
Fedis _ —AZG(S)XreS — Zen(S)XreS _ Fext. (247)

Environmental Disturbance in Motion Reproduction System [96]

A variation of an environment between motion-saving phase and reproduction phase can also be re-
garded as an EnvD [96]. If an environmental impedance in motion-saving phase is regarded as a nominal
environmental impedance, a relationship between the external force and an environmental impedance in

motion reproduction system is described as follows:

FRext — (g xFres — (78 (5) 4 AZ8(s)) XTres (248)
_ Zf(s))XR,res + AZ;%(S)XR,reS (249)
Z8s) = Z2(s). (20

where superscripts S and R represent a saved value and reproduced value, respectively. From above

equations, an EnvD in motion reproduction system is defined as
FeR,dis — ZE(S)XR,I‘GS _ FR,eXt‘ (251)

The EnvDs are also modeled with the time derivative of the process noise as follows:

t t
FE(t) = dog + dert + -+ - + dept™ + / / vl (T)dT™ (2.52)
0 0
d . . t o
aFdIS(t) = FUS() =d, + / / vl (T)dT™ (2.53)
0 0
n . t )
%Ffls(t) = nlde, + /O vl (T)dT (2.54)
dn+1 di di
T S FP(t) = vgii (1), (2.55)

Details of suppressing the EnvD in a force control system and motion reproduction system is proposed

in chapter 3 and chapter 5, respectively.
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2.3 Indices for Setting the Order of Disturbances

This part describes indices for setting the order of disturbances n. Generally, the n-th-order distur-

bance F41 is estimated by a DOB through n + 1-th-order low-pass filter as follows [93-95]:

Fdis,n _

anS™ + an_18" 1+ - ag di
Fasn 2.56
bn+18”+1+bn3”+"‘b0 ( )

where a, b represents positive constants. A motion equation with compensation by the estimated distur-

bance, F4 is expressed as follows:

. "tan1s" + g i
M. Xres — pref [ _ ans n pdis:n 2.57
" ( 18" 4 bps™ + - - - bg 220
— pref _ Ggé%n(s)FdiSm (2.58)

where G (s) is a sensitivity to the disturbance. G318

sen

(s) has a high-pass filter structure. If the filter is

set to have a double root 4! in the case of n = 1, the 1st-order (ramp signal) disturbance is estimated
as
; .12
Fdis,l B 2gdls,18 4 gd1s,1 dis.1 (2 59)
- (S+gdis,1)2 : :
Similarly, the Oth-order (step signal) disturbance is estimated as
. gdis,O .
Fdls,O — 7d'Fd1570' (260)
s+ g is,0
The sensitivities to the disturbances are expressed as below:
_ 9 dis;1 dis,12 2
Gts) = 1- o~ 2.61)
(S +g 1s,1)2 (8 _|_gdls,1)2
dis,0
i ’ S
GlsO(s) = 1- (2.62)

T st gdis0 T g gdisT
If a ramp disturbance D4 /s? is applied to the system, the disturbance can be eliminated by a 1st-order

DOB by considering the final value theorem, as follows:

dis1 g2 Ddis
. is, TR _
(11_1)13) s - Ggon* () 21_1)% s G5 g 52 0. (2.63)

Oth-order DOB can also suppress the disturbance if the bandwidth of the DOB ¢4 is set to sufficiently

high as follows:

dis dis

: i . s D D -
lim s - GSS{O(S) — lims- = 0 (gdls,o
s—0 s—=0 s+ gdsl g gdis;

— 0). (2.64)
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Fig. 2-3 shows response against ramp disturbance D% /s? with respect to Oth-order and 1st-order DOBs.
The figure also confirms that the disturbance can be eliminated by the 1st-order DOB and the Oth-order
DOB can be suppress the disturbance if the bandwidth of the disturbance estimation is sufficiently high.

On the other hand, if the step disturbance Ddis /s is added, the sensitivities to the disturbances are

expressed as follows:

lim s - GE1(s) = lim o D _ 0 (2.65)
51%03 sen (%) = sl~>08 (S + gdis’l)Q S N '
dis
.  dis,0 s ) s D
Lll_I}I(l) s-Ge(s) = ll_}I% S a0 0 5 T 0. (2.66)

As shown in the above equations, the step disturbance can be suppressed in the both cases. However, the
disturbance response of the 1st-order DOB against the step disturbance tend to oscillate as shown in Fig.
2-2. This is because a zero in the numerator of Gos;! (s) is remained in the case of the 1st-order DOB as
shown in (2.65). In actual case, the feedback of the estimated value by the 1st-order DOB has a potential
to read instability. This is because the number of the resulting integrators from the estimated value of
Ist-order DOB is larger than that of the Oth-order DOB. This phenomenon indicates that increasing the
order of the disturbance model have a possibility to cause instability, though the disturbance suppression
performance is improved. Therefore, the order should set to the same value as the order of disturbance if
the characteristics of the disturbance can be identified. (e. g. in the case of a step disturbance, n should
be set to 0. In the case of a ramp disturbance, n should be set to 1.

Additionally, if the time derivatives of the disturbance are need, the order of the disturbance model
should be set to the order of the time derivatives. (e. g. in the case that a force proportional-derivative
(PD) controller is needed, the order of the disturbance model should be set to 1. In the case that a

second-order time derivative is needed, the disturbance model should be set to 2.)

2.4 Disturbances Estimation Based on Kalman Filter
This section describes disturbance estimation based on the KFSO [65] to suppress noise effects.

2.4.1 Augmented State Space Model for Disturbances Estimation

An augmented state variables with disturbance and n-th higher-order time derivatives of the distur-

bance can be described as follows:

d ’
F&@) o FB@) - 26D

dn—l
dt”_l

Zn(t) — Xres(t) Xres(t) Fdis(t) Fdis(t)
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Fig. 2-2: Response against ramp disturbance D% /s? with respect to Oth-order and 1st-order DOBs.

In general case, an augmented state space model for disturbance estimation with higher-order time deriva-

tives of the disturbance can be derived as follows:

Z'(t) = A"Z"(t) + B"U(t) + BIV"(t)
Y(t) = ¢Z"(t)+ W(t)

= X"(t) + w(t)
U(t) = Fi(t)

Vi) = o) ol )]

(2.68)
(2.69)
(2.70)
(2.71)

(2.72)
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Fig. 2-3: Response against step disturbance D4 /s with respect to Oth-order and 1st-order DOBs.

where

[0 1

A" = (00
00

o5 o <
o

0

o O O

1

00 —

0
1

0

o O

00 ---
00 ---
10 ---

00

00 ---

o O O

_ o
1
My
B'=|0 ,c":[IOO--- 0 2.73)
- - 0 -
(2.74)

In the state space model, the process noises only in dimensions of the disturbance and highest-order time

derivative of the disturbance should be considered. A discrete-time state space model on a sampling
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point with a zero order holder and a simpler is described as follows:

Z'(k+1) = A%Z(k)+BIU(k) + B",V" (k) (2.75)
n—1 n T

Zn(k.) — |:Xres(k) Xres(k) Fdis(k) Fdis(k) Cclltn_leiS(k) %Fdis(k) (276)
Y (k) = "Z"(k) + W(k) 2.77)
= X'(k) + w(k) (2.78)
A = AT (2.79)

Ts n
BY = [ A'Brat (2.80)

0

where k, T and e® represent a sampling instant, a sampling time and a state transition matrix, re-
spectively. By using the above state space model in the discrete-time domain, a KFSO for disturbance

estimation can be constructed.

2.4.2 Kalman Filtering

Kalman filter is known as an optimal filter to minimize the following evaluation function J (k) [102]

J'(k) = E[e"(k)] (2.81)
e(k) = Z"(k)—Z"(k) (2.82)

A

where E [o], Z "(k) and e™ (k) represent an expectation operator, an estimated state vector and estimation
error vector, respectively. The right hand side of (2.81) represents a mean square error. An estimated
variables with minimum mean square error can be obtained through the Kalman filtering process.

An observer gain of Kalman filter which is called “Kalman gain” G (k) is expressed as follows:
2(k) = P (k)T ("P" (k)" +R) ™ (2.83)

where P~ (k) and R represent an prior error covariance matrix and a covariance matrix of the observation

noise. The prior error covariance matrix satisfies the following equation
P" (k) = A% [P" (k—1) — " (¢"P™ (k- 1)c" + R)‘1 c"P" (k- 1)] T+ Q" (2.84)

where Q™ represents a covariance matrix of the process noise. Eq. (2.84) represents a discrete time

Riccati equation. In the estimation process of Kalman filter, the initial values of the estimated variables
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Z"(0) and the error covariance matrix P"(0) are given as follows [102]:

Z(0)

E[Z"(0)] = Z™(0) (2.85)
P"(0) = E|(Z2"(0) —E[Z™(0)]) (2"(0) —E[2™(0)])"| = £(0) =0 (2.86)

The Kalman filtering process is divided into the following two steps: the prediction step and updating

step. The Kalman filtering process is summarized in the next page.
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-~ ‘ Kalman filtering process

Prediction Step

The predicted (a priori) state estimate Z"~ (k) and predicted (a priori) estimate error covariance
matrix P" "~ (k) are estimated.

e Predicted (a priori) state estimate

Z" (k) = AZ"(k—1)+BlU(k —1) (2.87)
A ~ dn—l R dm ) T
= Xfres(t) Xfres(t> Ffdis(t) Ffdis(t) . T F—dis(t) wFfdls(t) (288)
e Predicted (a priori) estimate error covariance matrix
P" (k) = A"P"(k— 1A% + Q" (2.89)

Updating Step

The Kalman filter gain matrix G}, (k) is calculated. The estimated (a posteriori) state vector Z " (k)
and the (a posteriori) error matrix covariance matrix P"(k)are updated using the Kalman gain and
an actual measurement Y (k) at every sampling instant.

e Kalman gain

(k) = PP (k)" ("P" (k)e" +R) (2.90)

e The estimated (a posteriori) state vector

Z"(k) = Z" (k) + G (k) <Y(k) - c”Z"‘(k)) 2.91)
. 2 AL 2 a1t . d" .. T
= | Xres (t) X res (t) Frdis (t) Frdis (t) .. ) Frdis (t) %Fdls (t) (2.92)
e The estimated (a posteriori) state vector
P(k) = (I—Gy(k)e") P (k) (2.93)
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Z" (k)

state observer

Kalman filter based

Fig. 2-4: Block diagram of the Kalman filtering process.

Discrete time state space

Through the above process, the estimated state vector with the estimated state variables Zn(k) is

obtained with the minimum mean square error. Fig. 2-4 shows a block diagram of the Kalman filtering

process.
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2.4.3 Derivation for Structure of Covariance Matrix for Kalman Filter

In the Kalman filtering process, the covariance matrices R and Q" have free parameters. The co-
variance matrix of the observation noise R can be determined by considering sensor resolution [66].
Therefore, the elements of Q™ are design parameters.

However, the determination process of the elements of Q™ in conventional researches are not clear
[65,67,69]. The conventional researches [65,69] rely on tests and simulations for determining elements
of Q™. Or, the conventional research [67] utilizes the calculated values by using the sensor value.

In contrast, this dissertation shows a clear process for determining the structure of Q" for the distur-
bance estimation.

In order to determine the structure of Q", the derivation of a prior error covariance matrix is considered
[102]. To derive the prior error covariance matrix, a prior state estimation error is utilized. The prior state

estimation error e~ (k) is described as

n—

e (k) = Z"k)—Z" (k) (2.94)

= Ale"(k—1)+B,,V"(k—1). (2.95)
To obtain (2.95) the following assumption in Kalman filtering is utilized:
EV'(k-1)]=V"=0 (2.96)

where E [e] is a expectation value. This equation represents that the mean values of the process noises

are equal to zero. By using (2.95), the prior error covariance matrix is derived as follows:

P" (k) = E[e" (k)e" (k)] + ALE [e"(k — 1)e"(k — 1)T] AT

+BLE [V"(k - 1)V"(k - 1T BT (2.97)
= ATP"(k - 1A% + B z?*Br, T (2.98)
= = B[V (k=1 - V"V (k- )T - V"] 299)

where Z% represents the covariance matrix of process noise. In the derivation of the prior error covariance

matrix, the following assumption of Kalman filtering is utilized:

Ele" (k)V"(k-1)"] =0. (2.100)
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If ¥4 and vgiif‘n are assumed to be independent, the covariance of these process noises is equal to zero as

given below:

Paegs, = B [{v5(k) = 0% ol (k) — 59} (2.101)
= B v (k)ugi (k)] - oo, (2.102)
= B v (k)| B [ufi (k)] - o0l (2.103)
= 0. (2.104)

According to (2.96), (2.99), and (2.104), the covariance matrix of process noise is derived as follows:

n2 Ugdis 0
== e | (2.105)

dif?

Finally, according to (2.98) and (2.105), the resulting covariance matrix Q" is obtained as

Q"=B",x"B"," (2.106)
TS n 0'2 is 0 TS nT
— [ P tdth] vl [B:}T / A tdt] : (2.107)
0 0 O, 0

Although the conventional research requires three variances of the process noise [67], only two variances
should be considered for the disturbance estimation according to the derived process by this dissertation

as shown by (2.107).

2.5 Example for Second Order Disturbance Estimation

This part shows an example for second order disturbance estimation based on a Kalman filter based
state observer. In this case, the model of disturbance is described as

%Fdis = vk, (2.108)

If the model of the third order time derivative is set to zero, the covariance matrix for the Kalman filtering
[65,68] cannot be appropriately determined.

Fig. 2-5 (a) shows a gain diagrams for estimation of disturbance with respect to the conventional
velocity based DOBs and the derived Kalman filter based disturbance estimation. In this dissertation, a
steady state Kalman filter is utilized for obtaining the frequency characteristics [98]. As shown in the

figure, 2nd-order DOB without considering time derivative of process noise cannot achieve the estimation
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with the same level of the other method. This is because the element in the covariance matrix is regarded
as a kind of gain for Kalman filter as shown in [68]. Even though the gain is increased, the estimation
is difficult in the case of disturbance estimation. On the other hand, the designed KFSO realize the
estimation with the same bandwidth of the conventional DOBs. Fig. 2-5 (b) shows a gain diagrams for
noise sensitivity in disturbance estimation. The transfer function is obtained based on (2.13). As shown
in the figure, the gradient of the gain diagram of the conventional DOBs in higher frequency domain is
almost 0 dB/dec. Therefore, it is difficult to reduce noise effect. However, the proposed Kalman filter
based disturbance estimation has a gradient with -20 dB/dec. Therefore, the proposed method shows a
better noise suppression performance compared to the conventional method.

From the next part, the details for designing KFSOs are described. First, a state estimation by the
Kalman filter for a Oth-order disturbance is derived in order to confirm the validities of the proposed

modeling.
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Fig. 2-5: Gain diagrams. (a) Disturbance estimation. (b) Noise sensitivity in disturbance estimation.
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2.6 Kalman Filter Based State Observer

This part describes a design of a KFSO for estimating state variables including the Oth-order dis-
turbance/external torque. A state-space equation of an actuator in which the state variable includes a

disturbance term can be described as follows [7]:

Z(t)=AZ(t) + Bu(t) + B,V (1) (2.109)
. T
Z() =g ¢==(t) ()] (2.110)
Y () =cZ(t) + W(t) = ¢"(t) + w(t) (2.111)
where

01 0 0 1
A=100-5|,B=|+|,c"=]0]. (2.112)

00 0 0 0

Here, ¢"(t), 795(¢) and .J,, represent a joint angle, a joint torque and a nominal inertia, respectively.

An actuator dynamics model in the discrete-time domain can be formulated as

Z(k+1)=A4Z(k)+ Bgu(k) + B,qV (k) (2.113)
. T

Z(k) — [qres(k.) qres(k) les(k)] (2114)

Y (k) = cZ(k) + W (k) = ¢"(k) + w(k) (2.115)

Ay —eATs (2.116)

Ts
B, = / AL Bt (2.117)
0

where T is a sampling time. The Kalman filtering process is executed based on (2.113). The filtering
process can be divided into the prediction and updating phases. In the prediction phase, predicted (a pri-
ori) state estimate Z (k) and predicted (a priori) estimate error covariance matrix P~ (k) are estimated

as follows:

Z (k)=A4Z(k—1)+Bgu(k —1) (2.118)
o . T

= () (k) g (h)] (2.119)

P (k)=A.P(k— 1ALl + Q. (2.120)
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where k, ¢ and 7 represent a sampling instant, a joint angel and joint torque, respectively. In addition,
o, subscript kf represent a prior estimated value and estimated variable by a Kalman filter, respectively.

In the updating phase, the Kalman filter gain matrix Gy¢(k) is calculated as
Gui(k) = P~ (k)" (P~ (K)e+R) ™ (2.121)

where R is a covariance matrix of the observation noise. The estimated (a posteriori) state vector and
the (a posteriori) error matrix covariance matrix are updated using an actual measurement Y (k) at every

sampling instant as follows:

Z(k)=Z (k) + G (k) (Y(k) - cZ*(k)) (2.122)
= arm) dEew) e @.123)
P (k) = (I — Gy (k)e) P~ (k). (2.124)

The estimated variables Z (k) are used for control systems. In (2.120), Q represents a covariance matrix
with respect to system noise. The elements of this matrix are the design parameters of the Kalman filter.
R can be determined by considering the resolution of sensors as follows [66]:

R = o2 —A—QQ

= 2.125

where Agq is a sensor resolution. It is known that the performance of estimation by the Kalman filter

highly depends on the determination of Q [68]. In this case, QQ has nine elements as follows:

B.,.Z.B),
Ts Ts T

— [ eAtdth] 32 [BZ / eh tdt}
0 0

Qi1 Q12 Qi3

= |Qu Q2 Q] - (2.126)
Q31 Q32 Q33

As shown in (2.126), the number of design parameters in the KFSO is larger than that in normal DOBs,

Q

though the design parameters of the DOBs are usually one or two poles [8, 103], which are related
to the bandwidth of disturbance estimation. In conventional research, however, the elements of Q are
determined by trial and error through simulations or experiments [65, 67, 68]. However, it is difficult
to measure the actual variance in the dimension of disturbance/external torque. In the next section, the

structure of QQ is determined in order to reduce the number of design parameters.
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2.7 Determination of Covariance Matrix () for Disturbance/External Torque

Estimation
2.7.1 Motion Equation and State-Space Equation Considering System Noise

If the presence of process noise is explicitly considered, the motion equation of an actuator is described

as
Tn™(8) = 77 () — 785 (2) 4 odis (1) (2.127)

748 (1) = 7ot (1) 4 load () (2.128)

where 7'°%d(¢) represents the disturbance torque that includes parameter variation and friction terms

except that for the external torque. Additionally, the model of disturbance is assumed as shown in the

following equation:
F45(1) = o35, (1). (2.129)

Usually, the time derivative of disturbance is set to zero [92,103] as the model of disturbance. However,
this dissertation assumes the presence of the process noise in the model for the time derivative of distur-
bance to determine the appropriate covariance matrix. According to (2.127) and (2.129), the state vector

and the input vector in (2.109) can be determined as follows:

dis dis (1 ]%
V(t) = [ (1) v )] (2.130)
0oL ol
B’U: JIn ] . (2131)
00 1

2.7.2 Derivation of Covariance-Matrix Structure

In order to determine the structure of Q, the derivation of a prior error covariance matrix is considered.
To derive the prior error covariance matrix, a prior state estimation error is utilized. The prior state
estimation error e~ (k) is described as

e (ky=Z(k)—Z (k) (2.132)

=Age(k—1)+ By V(k—1). (2.133)

To obtain (2.133) the following assumption in Kalman filtering is utilized:

EV(k-1)]=V =0 (2.134)
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where E [e] is a expectation value. This equation represents that the mean values of the process noises

are equal to zero. By using (2.133), the prior error covariance matrix is derived as follows:

P~ (k)=E[e (k)e (k)T] + AE [e(k — De(k — 1)T] AT

+BE [V(k - 1)V (k- 1)T] B, (2.135)
=A.P(k—1)AY + B, ;32?BT, (2.136)
2=E[{V(-1)-V}{V(k-1)T-V}] (2.137)

where 212, represents the covariance matrix of process noise. In the derivation of the prior error covariance

matrix, the following assumption of Kalman filtering is utilized:

Ele (k)V(k—1)T] =0. (2.138)
If it is assumed that v4® and vgiiﬁo are independent, the covariance of these process noises is equal to zero
as given below:
Oy, =B [{05(8) — 0} (ol () — 5%} (2.139)
dif0
—E [0 (koo (k)| - 05 (2.140)
—E [v (k)| B [ (k)] - 05 (2.141)
—0. (2.142)

According to (2.134), (2.137), and (2.142), the covariance matrix of process noise is derived as follows:

pdis O
0 o2 |- (2.143)

dif0

Finally, according to (2.136) and (2.143), the resulting covariance matrix Q is obtained as

Q=B,X?B/, (2.144)
Ts Ts T
— [ eAtdth} »2 [Bf / eA tdt] . (2.145)
0 0
Though the number of elements in Q is nine as shown in (2.126), only two parameters agdis and aidis
dif0
should be determined by considering the existences of two process noises v and Ugillfo.
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2.7.3 Kalman Filter-Based Reaction Torque Estimation for Multi-DOF Manipulator

In this subsection, the Kalman filter-based RTOB for a multi-DOF manipulator is proposed. Based on
the last subsection, the design of the resulting covariance matrix @Q is also applicable to external torque
estimation.

The state variables of the i-th joint for external (reaction) torque estimation are given as follows:

T
)= |a=(0) @) 70 ) (2.146)
T
)= o () v (®) i) (2.147)
dlb(t) Uext (t) ) Ioad (t) (2.148)
where 7/°d represents the disturbance excluding external torque as follows:

Tload(t) — Aques . AKtIref + ¢+ ques

+CT ((II‘QS7 qI‘eS) + g(qreS)‘ (2149)

The terms in 7'°2¢(¢) cannot be directly measured, but they can be calculated using measurable variables

eS and its time derivative and by identifying parameter variations and friction elements. Here, AJ

q
includes not only parameter (inertia) variations but also non-diagonal elements of the inertia matrix of

the manipulator. The state-space equation is described as follows:

Z;(t) = A} Zi(t) + Bju,(t) + B, V] (1) (2.150)
Y (t)=cZi(t) + Wi(t) (2.151)
[qzres(t) Tiload(t)] + W' () (2.152)
01 0 0 0
1 1 1
‘ 00 0 o | " 01’
00 0 0 0
[0 00
1
00 1000
B, = | Jin , ¢ = . (2.153)
0 10 0001
[0 01

Based on the above equations, the Kalman filter for external torque estimation is constructed in the

discrete-time domain. Similar to disturbance torque estimation discussed in the last subsection, only the
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following three variances need to be considered:

Ugdis 0 0
2
2= 0 g O (2.154)
2
O i

The resulting covariance matrix is obtained as

Q! =B, =Bl (2.155)

Ts r Ts rT
- [ eAitdtBZl] »r2 {B&T / oA tdt} . (2.156)
0 0

In conventional state estimation of manipulators, nonlinear Kalman filters (e.g., extended Kalman filter)
are usually used [63,100]. However, some linear approximations by using Jacobian matrices are required
in nonlinear Kalman filter algorithms and the processes become complex. Including the nonlinear terms
in the measured variable, on the other hand, the proposed Kalman filter-based RTOB can estimate the
external torque through a Kalman filter algorithm without using the approximations. Here, the model
of 71°2d(¢) in 2.149 basically can be derived from Lagrange equation. The detailed models for the
torques (e.g. Coulomb frictions, viscose frictions) can be obtained through identification methods (e.g.
[6,19,104]). The identified value of 71°2d (t) can be combined in the proposed Kalman filter-based RTOB
in (2.152).

2.7.4 Derivation of Steady-State Kalman Filter for Tuning Q

This chapter utilizes the steady-state Kalman filter (SSKF) as a substation for the LPF and HPF of the
KFSO for tuning and analyzing the KFSO. In order to obtain the steady-state Kalman gain, the following
discrete-time algebraic Riccati equation (DARE) [105] should be solved:

P—Ay, [P — P! (cP" +R) cP} AT 1 Q. (2.157)

To obtain the solution, the eigen values of the following matrix are utilized:

Al + "R eA'Q —cTR7eA!
Hge= |1 A a Q Al d | (2.158)
~A7'Q p
The eigen values with absolute values less than one are described as follows:
T .
€skfi = [m- 51} (i=1,--- ). (2.159)
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By using €g¢, the solution of DARE P is obtained as

-1
P = |:£1"' £n] [n nn} - (2.160)
By using the solution of DARE P, the steady-state Kalman gain Gy¢ is obtained as follows:
Got = Pc’ (cPc” +R). (2.161)

By using Gt the state estimated by the steady-state Kalman filter is derived from (2.118) and (2.122)

as follows:

Zgt(2) = [I — (I — Gare) Agz '] ! [GatY (2) + (I — Gekee) baz ' u(2)] (2.162)

where subscript skf represents a variable of steady state Kalman filter. From (2.162), a steady-state

Kalman filter for disturbance estimation G{Skf(z) is derived as

7958 = gl (2)79S 4 g (2w (2.163)
7 = g2 ()T + gl (2) 7 4 g (2)w (2.164)

where g}%i‘}(z) represents the sensitivity to 71°2d, In addition, w is a observation noise included in the

position response as shown in (2.13). The observation noise included also in the case of Kalman filter

based disturbance estimation. The HPF in disturbance compensation ggisif(z) are expressed as

g (2) = 1 — gisg(2). (2.165)
Additionally, the estimated states of the angular velocity and the angle in (2.114) are described as follows:
0853 = 9t (20" + gt (2)w + Glkes (2)8 (2.166)

a5 = 0" + ghere (2)w + glis(2)07 (2.167)

where superscripts v and p represent a parameters of velocity estimation and position estimation, respec-

tively. Here, the effect of §° is assumed to be negligibly small.
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Table 2.1: Parameters for analysis of Kalman filter based disturbance/external torque estimation

Parameter | Description Value
T Sampling time 0.2 ms
Jn1 = Jp | inertia of actuator 0.004 kgm?
Jno = Jo | inertia of actuator 0.0548 kgm?
g4, ¢ | cut-off frequency of DOB and RTOB 364 rad/s
g’ cut-off frequency of velocity est. 1820 rad/s
Ghe bandwidth of noise sensitivity (position) | 1617 rad/s
Gk bandwidth of noise sensitivity (velocity) 1095 rad/s

2.8 Analysis Based on Steady-State Kalman Filter

In this section, the approximated performance of the KFSO is analyzed using the SSKF. Parameters

used in the analysis are shown in Table 2.1.

2.8.1 Relationship between Bandwidth and Parameters

Here, the relationship between the bandwidth of the SSKF g7, ((2) and parameters of the KFSO is
analyzed.

Fig. 2-6 shows the relationship between the bandwidth and variance aidis . As shown in Fig. 2-6, the
dif0
bandwidth increases with an increase in the variance of process noise with respect to the time derivative

2
dis
v
dif0

in Fig. 2-6 (a). The increase in the variance of observation noise also tends to reduce the bandwidth

of torque o7y, . On the other hand, the bandwidth is inversely proportional to the inertia J, as shown

as indicated in Fig. 2-6 (b). These figures show that the Kalman filter tends to reduce the effect of
observation noise automatically because the larger variance of process noise and inertia result in a higher
level of noise effect and a greater noise sensitivity, respectively. If a desired estimation performance

is not able to be obtained, the bandwidth should be adjusted by tuning the value of agdis . Fig. 2-7
dif0
represents the relationship between the bandwidth and variances with J,=0.004 kgm? and .J,,=0.0548

kgm?, respectively. It is observed that the bandwidth is inversely proportional to the variance of process

, though the bandwidth is proportional to the variance O'Sdis . This indicates
dif0

that just increasing both variances will lead to estimation failure, though Q can be regarded as a gain of

noise in torque dimension v

the Kalman filter [68]. Fig. 2-7 (b) shows the relationship between the bandwidth and variances with
J,=0.0548 kgm?. The tendency of the graph is similar to that in Fig. 2-7 (a). However, Fig. 2-7 (b)
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Fig. 2-6: Relationship between bandwidth and variances (a) With J,,=0.004 kgm?. (b) With .J,,=0.0548

kgm?.
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Fig. 2-7: Relationship between bandwidth and variances (a) With .J,,=0.004 kng. (b) With J,,=0.0548
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reflects the effect of the value of inertia as shown in Fig. 2-6 (a). Fig. 2-8 (a) shows the relationship

between the bandwidth and variances in Kalman filter-based reaction torque estimation with J,,=0.004

2

kgm*. From the figure, a similar tendency to the KFSO with respect to the relationship between the

2

variance O ext and the bandwidth can be observed in Kalman filter-based external torque estimation.

dif0
Fig. 2-8 (b) shows the relationship between the bandwidth and two variances aiload and agm with
dif0 aif0
J,=0.004 kng. It is found that the variance of agload does not interfere with the estimation bandwidth
dif0
of the external torque.
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Fig. 2-8: Relationship between bandwidth and variances. (a) External torque estimation with .J,,=0.004
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2.8.2 Frequency Characteristics of Disturbance Estimation

Fig. 2-9 shows the bode diagrams in disturbance torque estimation and the resulting HPF in distur-
bance compensation with the variation of the variance Ugaif. From Fig. 2-9 (a) and (b), it is found that
the performance of disturbance estimation and suppression are improved by increasing the variance with
respect to the time derivative of process noise. In addition, as indicated in the last subsection , it is con-
firmed that the estimation just regarding both the variances as gains [68] and increasing the two variances
without considering the relationship will be broken down as shown by the dash-dotted line in the figure.
The figure also shows the disturbance model with neglecting the of process noise in the time derivative
of disturbance Fig. 2.129 will broke down the estimation. Fig. 2-10 shows the bode diagram of gf3% ()

load

and ¢1°24(2). It is confirmed that the sensitivity to 71924

can be independently changed from external
torque estimation by including 7'°2d to the state variables, though the same filter as the external torque

is inserted in the case of normal DOBs. As a result, the equivalent cut-off frequency with respect to

7_load ext

can be reduced without affecting estimation of 7%*" in the lower frequency domain if the noise in-

load jq serious. Fig. 2-11 shows bode diagrams in disturbance estimation with the comparison

cluded in 7
between the KFSO and normal DOBs. Fig. 2-12 shows bode diagrams of the noise sensitivity in dis-
turbance estimation. In this figure, the normal velocity-based (with first-order LPF) and position-based
(with second-order LPF and third-order) DOBs have the same bandwidth as the SSKF. It is found that
noise reduction performance is improved by the KFSO in disturbance estimation as indicated by Figs.
2-11 (a) and 2-12, though the robustness against disturbance is less compared to that of normal DOBs
as shown in Fig. 2-11 (b). Fig. 2-13 shows the bode diagrams of the angle and the angular velocity
estimation. It is confirmed that the Kalman filter can estimate the state variables without phase lag and

with higher noise suppression performance compared to the normal LPF with the same bandwidth as the

SSKFE.
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Fig. 2-9: Bode diagram of disturbance torque estimation with the variation of variance in respect to

process noise af}dis from 0.1 to 6.1. (a) Characteristics of disturbance estimation. (b) Resulting HPF in
dif0
disturbance compensation.
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Fig. 2-10: Bode diagram of external torque estimation and sensitivity to load torque with the variation of

variance in respect to process noise agext from 0.1 to 6.1.
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Fig. 2-11: Bode diagram with the comparison between KFSO and normal DOBs. (a) LPF in estimation.
(b) Resulting HPF.
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Fig. 2-13: Bode diagram of state estimation. (a) Angle. (b) Velocity.
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2.8.3 Design and Tuning for Q

The proposed design and the tuning method for determining QQ are summarized as follows:
1. Derive the vectors with respect to the process noise V' (k) and B4
2. Determine the structure of Q by deriving P~ (k)

3. Derive the SSFK to check the approximate frequency characteristics

2

4. Determine O ais and aidis to obtain desired frequency characteristics.

dif0
Here, we have to take account of the fact that the bandwidth is inversely proportional to o2, though the
higher o7 increases the bandwidth as discussed earlier.

Additionally, the bandwidth also varies with depending on the variance in respect to observation noise

o, and inertia .J,, as shown in Fig. 2-6. If the proposed method is applied for another actuator or sensor,

2
w
o2 and Uzj-i?o should be readjusted.

Here, if lit is possible to obtain the actual values of the variances of process noises in some way and to
set the variances to the actual values, the estimation with minimum mean square error as shown in (2.81)
is guaranteed. However, it is difficult to obtain the actual values of the variances of process noises in the

dimensions of the disturbance and the time derivative of disturbance. Therefore, this dissertation uses

the above tuning process.
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Fig. 2-14: Experimental setup.

2.9 Experiments for Verification of Designed KFSO
2.9.1 Experimental Setup for 2-DOF Serial-link Manipulator

To confirm the validity of the proposal, experiments of position control and reaction torque control in
joint spaces were conducted. Fig. 2-14 shows the experimental set up of a 2-DOF serial-link manipulator
constructed by direct drive motors. Fig. 2-15 shows the block diagram of the position control and
reaction torque control with KFSOs. Two cases of experiments are conducted for both position and
reaction torque control. In case 1, artificial noise generated by random numbers is given to the actual
sensor value (rotary encoder) in order to confirm the performance of the KFSO. This additional noise has
another role which imitates the lower-performance sensor device. The obtained value from the sensor
including the artificial noise is regarded as the output signal and is used for the control system. In case
2, artificial noise is not given in the measured signal from the sensor.

In the first experiment with case 1, the reaction torque control 7¢™9 = 0 is conducted and a human
operator manipulates the manipulator freely to validate the Kalman filter performance as an estimator. In
this experiment, the cut-off frequencies of the DOB and RFOB are set to 100 rad/s. On the other hand, the
cut-off frequency of the DOB/RFOB used only for estimation is set as 364 rad/s. In the second and third
experiments, position and reaction torque controls are tested with the condition of case 1, respectively. In

the fourth experiment, the reaction torque control of the aluminum plate and block as shown in Fig. 2-14
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Fig. 2-15: Block diagrams. (a) Position control. (b) Reaction torque control.

is conducted with the condition of case 2. From the second to fourth experiments, Kalman filter -based

control systems with the proposed method are compared with the control system that uses conventional
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Table 2.2: Experimental parameters for position and reaction torque control with Kalman filters

Parameter | Description Value
K torque coefficient 1.18
K torque control gain 10
Koo torque control gain 150
K, position gain 1100
K, velocity gain 66.3
0q resolution of encoder 1.0 x 106 pulses/rev
o2 variance in prop. method | 1.0 x10~% N?m?
o2, variance in prop. method | 2.0 x1073 N?m?
‘7?;1 variance in prop. method 5.9 N?2m?/s?
022 variance in prop. method 0.93 N?m?/s?
o2, variance in conv. method 2.0 N?m? 2
o2, variance in conv. method 2.0 N2m?/s?

velocity-based DOB/RTOB. In these experiments, the angle and torque commands are given as follows:

g ] 0.1 deg, 0<t<5 0168
q = .
0.14+0.1sin3(t —5) deg, 5 <t < 10.

emq ) 0.05 Nm, 0<t<5b
somd _ (2.169)
0.05 + 0.05sin?(3(t — 5)) Nm, 5 <t < 10.

Table 2.2 lists the experimental parameters. This chapter assumes that parameter variation and the fric-
tion effect of actuators are negligible. The other parameters are same as those used in the analysis, which

are given in Table 2.1.
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Fig. 2-16: Experimental results for state estimation. (a) Angle. (b) Enlarged view of (a). (c) Velocity.
(d) Enlarged view of (c). (e) Disturbance torque. (f) Enlarged view of (e).
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2.9.2 Experimental Results for Verification of Designed KFSO

Fig. 2-16 shows the experimental results of the first experiment (1st link responses) and its enlarged
views, respectively. As shown in Figs 2-16 (a) and (b), the KFSO successfully estimates the angle
response without estimation delay and with reduced noise effect. Figs. 2-16 (c) and (d) show that velocity
information is also effectively estimated by the KFSO. Although, the cut-off frequency of the SSKF for
noise suppression is smaller than that of the pseudo-differentiation in Figs. 2-16 (c) and (d), the Kalman
filter can estimate the angular velocity without estimation delay and with lower noise level compared to
the pseudo-differentiation. Figs. 2-16 (e) and (f) represent experimental results of disturbance torque
estimation. As shown in the figure, the proposed tuning method can estimate the disturbance torque
with a low noise level and almost no phase lags compared to the normal DOB. On the other hand, the
conventional tuning concept in which the elements in @ are regarded as gains of the Kalman filter fails
to estimate the disturbance torque. This is because the elements are just increased and the relationships
between the elements are not considered. These experimental results show that the proposed design and

tuning method for the Kalman filter are effective not only for disturbance/external torque estimation but
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also for angle and the velocity estimation.

Figs. 2-17 and 2-18 show the results of position control in the second experiment (2nd link responses).
From the figures, it is clear that the noise effects are suppressed by the Kalman filter based control system
with the proposed method. As aresult, the perturbation in angle responses are suppressed by the proposed
system compared to the DOB-based system as shown in Fig. 2-18.

Fig. 2-19 shows the experimental results of reaction torque control in the third experiment (2nd link
responses). As shown in Fig. 2-19 (a), external torque information cannot be estimated appropriately
by using the conventional RTOB in the reaction torque control system. On the contrary, the proposed
method can reduce the effect of noise compared to the normal RTOB-based method and track the torque
command without a notable phase delay as shown in Fig. 2-19 (c). Fig. 2-19 (c) shows the resulting
angle responses in the experiments of reaction torque control. It is found that the perturbation of angle is
reduced because of the lower noise level in torque estimation, though the conventional method enhances
the perturbation caused by the noise torque response. As a result, the proposed method realizes more
stable contact motion than that realized in the conventional method.

Fig. 2-20 shows the results of the fourth experiment (2nd link responses). As shown in the figure, the
noise and quantization error are enlarged in the external torque response of the conventional RTOB. In
contrast, Kalman filter based control that uses the proposed design method can reduce the noise effects
compared with the conventional method. Additionally, the external torque response shows good tracking
performance. As a result, the perturbations in the angle response are suppressed in the proposed method
and stable contact motions are realized as shown in Fig. 2-20 (b).

From these results, the validity of the proposal can be confirmed.
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Fig. 2-18: Enlarged views of Fig. 2-17. (a) Result with DOB. (b) Result with the proposal. (c) Error
responses.
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Fig. 2-19: Experimental results of reaction torque control in case 1. (a) Result with DOB. (b) Result with

the proposal. (c) Resulting position responses.
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Fig. 2-21: Block diagram of reaction torque control with DOB and RTOB.

2.10 High-order Disturbance Estimation for Proportional-Derivative Force
Control

This part describes a high-order disturbance estimation using a Kalman filter for precise reaction-
torque control. The proposed method can realize a reaction torque control system by using a proportional
derivative (PD) controller. It is confirmed that the proposed PD controller for the reaction torque can
improve the control system performance without enhancing the noise effect. This is because the variables
estimated using the proposed Kalman-filter-based high-order disturbance/reaction torque observer are
utilized in the PD controller. The observer can estimate the disturbance/external torque and its time
derivative with a lower noise level than with conventional disturbance observers (DOBs) or reaction

torque observers (RTOBs).

2.11 Reaction Torque Control with DOB and RTOB

Fig. 2-21 shows a simplified block diagram of the reaction torque control system with DOB and
RTOB. The disturbance torque and the external torque from an environment are estimated using a low-

pass filter (LPF) in DOB and RTOB as follows:

pdis _ g?iS(S)Tdis (2.170)

Fdis _ ext + sload 2.171)
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The LPF and the resulting high- pass filter (HPF) for disturbance compensation can be expressed as
dis

i g
6" (s) = - gt 2.172)
gext
g (s) = - g (2.173)
. . S
gis(s) =1 — giis(s) = P (2.174)

where ¢°® represent a pole of the filter. For simplicity, the cutoff frequency of DOB and RTOB are
assumed to be infinite. By considering this assumption, the transfer function from the torque command
to the external torque response using a proportional controller can be expressed as follows:

O Z(s)

= 2.175

remd  §2 4 (O Z.(s) ( )
C =K, (2.176)
Zo(s) = Dos + K. 2.177)

where D, K. and C; = K., represent an environmental damper and an environmental stiffness and a
torque control gain, respectively. On the other hand, if the proportional-derivative controller is utilized,
the transfer function is rewritten as follows:

roxt C-(8)Z(s)

= 2.178
remd 62 4 O (8)Ze(s) ( )
2
ass” + a1s + ag
— 2.179
(14 a9)s? +ais+ap ( )
ag = DK, 4GP (s) (2.180)
a1 = K K,qGPY(s) + DK, (2.181)
ao=K.K,, (2.182)
Cr(s) = Krp + K;q5Gpa(s) (2.183)
g
GP(s) = —"— (2.184)
s+ g7

where G?d(s) represents the LPF of pseudo differentiation. Fig. 2-22 shows a Bode diagram of the
response characteristics as shown in (2.175) and (2.178). As shown in the figure, if a PD controller is uti-
lized, the performance of the reaction torque control can be improved, even though the cutoff frequency
of the pseudo differentiation is finite.

However, it is difficult to obtain the derivative of the external/disturbance torque because it often

includes heavy noise if practical applications are taken into account.
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Fig. 2-22: Bode diagram of the reaction torque control system with the variation of gIT)d = 50 to 10000.

2.12 Kalman-Filter-Based State Observer With High-Order Disturbance

Estimation

This chapter proposed a Kalman-filter-based state observer (KFSO) with a high-order disturbance/external
torque estimation in order to suppress noise effects and to obtain the first-order time derivative of the dis-

turbance/reaction torque.

2.12.1 Motion Equation and State-Space Equation Considering System Noise

If the presence of system noise is explicitly considered, the motion equation of an actuator is described
as
TG (t) = 77 (t) — 795(8) 4+ v(¢) (2.185)

TdiS(t) _ gext (t) + load (t) (2.186)
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where 71°24 () represents the disturbance torque that includes parameter variation and friction terms

except that for the external torque.

2.12.2 Kalman Filtering Process

A state space equation of an actuator in which the sate variable includes disturbance terms can be

described as follows:

hl

Z"(t)=A"Z"(t) + B"u(t) + B"V"(t) (2.187)
. h . . T
VA (t) = [qres(t) qres(t) les(t) les(t) (2.188)
Y(t)=cZ(t)+W(t) =q(t) + w(t) (2.189)
where
01 0 O 0 1
_1 1 T
- 00 -5 0 CBh = | % | [ch} _ |0 (2.190)
00 0 1 0 0
00 0 O 0 0

The superscript h represent a parameter corresponding to the high order (1st-order) disturbance estima-

tion. In the state space model, the model of disturbance is assumed as shown in the following equation:

t t
P (1) = do + dyt + / / o, (T)dT? (2.191)
0 JO
t
dis (t)=do+ / Ugiiﬁl (T)dT (2.192)
0
sdis (t) = ,U(ciiii?1 t). (2.193)

In this model, the second-order derivative (higher-order differentiation) of the disturbance is considered
to be a different form of the usual KFSO [65]. The disturbance is modeled as a ramp signal with the
integral of the process noise Ugii; (t) in a sampling period. Usually, the time derivative of disturbance
is set to zero [92, 103] as the model of disturbance. However, this dissertation assumes the presence of

the process noise in the model for the time derivative of the disturbance to determine the appropriate

covariance matrix as described in the last part. According to (2.185) and (2.191) to (2.193), the state
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vector and the input vector in (2.187) can be determined as follows:

. . T
V()= [vdis(t) vdis (1) (2.194)
00
Lo
B = |/n (2.195)
00
01

where superscript h represent a corresponding parameter to the high-order disturbance estimation. An

actuator dynamics model in a discrete time domain can be formulated as follows:

ZMk+1)=Ahz"k) + Bhu(k) + BR, V! (k) (2.196)
. . T
Zh(k?) — [qres(k) q'res(k) les(k.) %dls(k)] (2197)
Y (k) =c"Z"(k) + W (k) = ¢"(k) + w(k) (2.198)
Al — AT (2.199)
Ts A
Bi= [ A 'Bhat. (2.200)
0

The proposed Kalman filtering is executed based on (2.196) to (2.200). The filtering process can be
divided into prediction and updating phases. In the prediction phase, the predicted (a priori) state estimate

Z (k) and predicted (a priori) estimate error covariance matrix P"~ (k) are estimated as follows:

Z" (k)= A"Z"(k — 1) + Bhu(k — 1) (2.201)
T _res ~—di ©—di T

= | (k) dpg () Thk% *(k) Thk(% *(k) (2.202)

P (k)= APk — )AM 1 Q" (2.203)

In the updating phase, the Kalman filter gain matrix Gy (k) is calculated as
-1
Gl(k) = PP (k)" (chPh*(k)ch + R) . (2.204)

The estimated (a posteriori) state vector and the (a posteriori) error matrix covariance matrix are updated

by using an actual measurement Y (k) at every sampling instant as follows:

Z"(k) = 2" (k) + Gl (k) (Y(k:) - chéh(k)> (2.205)
= gm0 dme) A )] (2.206)
P(k) = (I - G{;f(k)ch) P (k). (2.207)
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. . h .
The estimated variables Z (k) are used for the control system. In the case of the external torque estima-

tion, 75t (k) and 755¢ (k) is estimated by removing 7'°2¢ from a priori state estimate Z (k) as follows:

Z" (k) =A"Z"(k —1) + B [u(k; — 1) — pload(f 1)} (2.208)
~ N “ T
2" =@t @m0 e Hm)] (2209)

2.12.3 Derivation of Covariance-Matrix Structure

In order to determine the structure of Q”, the derivation of a prior error covariance matrix is considered
in the same way as the case of the Oth-order disturbance estimation. To derive the prior error covariance

matrix, a prior state estimation error is utilized. The prior state estimation error e~ (k) is described as

e (k)=2Z"(k) - z"" (k) (2.210)
=Ale(k— 1)+ BV E - 1). (2.211)

To obtain (2.211) the following assumption in Kalman filtering is utilized:

h

E [V’L(k: - 1)} —vi—o. (2.212)

This equation represents that the mean values of the system noises are equal to zero. By using (2.211),

the prior error covariance matrix is derived as follows:

P (k) =F [e~(k)e~ (k)T] + ALE [e(k — 1)e(k — 1)7] ALT

+B"E [Vh(k —O)Vh(k - 1)T} B!, (2.213)
= AMP(k— 1AL + Bh 2B (2.214)
»2—F [{Vh(k— 1) —Vh} {Vh(k—l)T—VhH 2.215)

where E% represents the covariance matrix of system noise. In the derivation of the prior error covariance

matrix, the following assumption of Kalman filtering is utilized:

Ele” (k)ViE-1T| =o0. (2.216)
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If it is assumed that v4* and vgiiﬁl are independent, the covariance of these system noises is equal to zero

as given below:

o%jdisyg;;l =E [{vdiS(k) — U wdls, (k) — 095, }] (2.217)
= E [o (k)i (k)| — 0% (2.218)
=E [v (k)| B [0l (0)] - 20 (2.219)
~0. (2.220)

According to (2.212), (2.215), and (2.220), the covariance matrix of system noise is derived as follows:

2
0 g dis
difl

o2 0
=h? = [ vt . (2.221)

Finally, according to (2.214) and (2.221), the resulting covariance matrix Qh is obtained as

2 T
Q"=B"x=""B", (2.222)

TS h Ts hT
- [ A tdtBﬁ} »h? [BZT A tdt} . (2.223)
0

0

2

Only two parameters o ;, and agdis should be determined by considering the existences of two system

difl

dis dis

and Vgift -

noises v

2.12.4 Derivation of Steady-State Kalman Filter

This part also utilizes a steady-state Kalman filter (SSKF) as a substation for the LPF and HPF of
KFSO for analyzing KFSO. In order to obtain the steady-state Kalman gain, the following discrete time
algebraic Riccati equation (DARE) [105] should be solved:

-1
P = Al [P —p” (chPchT n R) chP] ART 4 Qh. (2.224)
By using the solution of DARE P", the steady state Kalman gain ggkf is obtained as follows:
gh, =Pheh” (ch’PhchT + R) (2.225)

By using ggkf, the estimated state by the steady-state Kalman filter is derived from (2.201) and (2.205)

as follows:

Zh(2) = [I - (I - gﬁkfc’"‘) Aijzfl} o [gﬁka(z) + (I — ghch) bdzflu(z)} . (2.226)
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Table 2.3: Parameters for analysis of high-order disturbance/external torque estimation with Kalman
filters

Parameter | Description Value
Ty sampling time 0.2 ms
Jn = J | inertia of actuator 0.004 kgm?
gds = ggﬁ cut-off frequency of DOBs and SSKF | 365 rad/s
g cut-off frequency of velocity est. 1775 rad/s

A steady-state Kalman filter for disturbance/external torque estimation gfﬁzkf(z), its noise sensitivity

g?\}iskf(z), A steady-state Kalman filter for the time derivative of disturbance/external torque estimation

ghd +(2), its noise sensitivity g%} | -(z) and the sensitivity to the disturbance gi%, (=) are derived as

il = Ginoe (2) 7Y + g here(2)w (2.227)

2 di d i d

Tt = Gt (2)71° + g (2)w (2.228)
ghe(2) =1 — gt e(2) (2.229)

where subscript hskf represents a corresponding parameter to the Kalman filter for high-order disturbance

estimation. From the discrete time state space model, the time derivative of the disturbance torque 7%

is described as follows:

. 2z—1

- dis dis
= —— 2.230
g Tsz+1T ( )

where w is a observation noise included in the position response as shown in (2.13). The observation

noise included also in the case of Kalman filter based disturbance estimation.

2.13 Analysis

In this section, the approximated performance of the KFSO is analyzed using the SSKF. Parameters

used in the analysis are shown in Table 2.3.

2.13.1 Relationship between Bandwidth and Parameters

Here, the relationship between the bandwidth of the SSKF G2, (2) and parameters of the KFSO is

analyzed.
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Fig. 2-23 shows the relationship between the bandwidth and variance agg‘i;. As shown in Fig. 2-
23, the bandwidth increases with an increase in the variance of system noisel with respect to the time
derivative of torque ng-ilfl' On the other hand, the bandwidth is inversely proportional to the inertia J,,
as shown in Fig. 2-23 (;;). The increase in the variance of observation noise 0120 also tends to reduce the
bandwidth as indicated in Fig. 2-23 (b). These figures show that the Kalman filter tends to reduce the
effect of observation noise automatically because the larger variance of system noise and inertia result in
a higher level of noise effect and a greater noise sensitivity, respectively. Because o2, is determined by
(2.125), the other parameters should be adjusted if the resulting estimation is not appropriate. Fig. 2-24
represents the relationship between the bandwidth and variances with .J,,=0.004 kgm?.It is observed that
the bandwidth is inversely proportional to the variance of system noise in torque dimension v, though
the bandwidth is proportional to the variance aig?fsl. This indicates that just increasing both variances
will lead to estimation failure, though Q can be relgarded as a gain of the Kalman filter [68].

Fig. 2-25 shows the relationship between the bandwidth and variances in respect to estimation of time

derivative of disturbance torque with .J,,=0.004 kgm?. The tendency of the graph is similar to that in Fig.
2-24.
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2.13.2 Frequency Characteristics of Disturbance Estimation

Figs. 2-26, 2-27, and 2-28 represent bode diagram in respect to the disturbance estimation with the
comparison between KFSO and normal DOBs, bode diagram of resulting HPF and gain diagram of noise
sensitivity, respectively. In the figures, the bandwidth of conventional DOBs is set to the same values
of the SSKF for the comparison. It is found that the disturbance suppression performance and noise
reduction performance are improved by the proposed high-order disturbance estimation based on KF, as
indicated by Figs. 2-27 and 2-28. Although the disturbance suppression performance of the high-order
(ramp) DOB (HDOB) is almost same level as the proposed method, the noise suppression performance
of the proposal is better than the HDOB. In addition, the noise sensitivity of the conventional KFSO is
almost same level as the proposal, the disturbance suppression performance of the proposal is superior
to the conventional KFSO.

Fig. 2-29 shows the LPF of SSKF and a normal first-order LPF in the estimation of the first derivative
of the external/disturbance torque. As shown in the figure, the gain of the SSKF in a higher frequency
domain is smaller than the usual first-order LPF with the same bandwidth.

From these results, an improvement in the noise suppression and the performance of the reaction

torque control can be expected.
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Fig. 2-26: Bode diagram of disturbance estimation with the comparison between the proposed KFSO
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Fig. 2-30: Block diagram of the proposed reaction torque control system.
2.14 Proposed Reaction Torque Control System

By using the estimated variables 7% (k) and ﬂ?ﬁsf(k:), the reaction torque control with proportional-
derivative controller can be constructed with a lower noise level. An acceleration reference of the pro-

posed reaction torque control is expressed as follows:
Q" () = Koy (770 = A3 R) ) + Ko (770 = 33 (R) ) (2.231)

As another structure that uses the estimated variable of the Kalman filter, a reaction torque controller

with velocity damping can be realized as
Q) = Ko (7 = AZE ) ) + Foa (0 = () = Krudif(R). 2232)

The torque reference for the actuator is given by adding the estimated disturbance torque ﬁ?ﬁsf(k) as

follows:

7o (k) = JnG™ (k) + 75 (k) = 70 + 735 (k). (2.233)

n

The entire block diagram of the proposed method is shown in Fig. 2-30.
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. Environment

=

Rotary motor |
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Fig. 2-31: Experimental setup for reaction torque control based on high-order disturbance/external torque
estimation with Kalman filters.

Table 2.4: Experimental parameters for reaction torque control with PD controller.

Parameter | Description Value
K, proportional gain of torque control 50
K4 derivative gain of torque control 2
K.y damping coefficient 3
0q resolution of rotary encoder 1.0 x 10 © puls/rev

2.15 Experiments for Reaction Torque with the Proposed KFSO
2.15.1 Experimental Setup for Reaction Torque by a Single DOF Direct-drive Motor

To confirm the validity of the proposal, experiments of the reaction torque control in joint spaces were
conducted to test DOB/RFOB and KFSO. Fig. 2-31 shows the experimental set up of a single DOF
direct-drive motor. This part assumes the parameter variation and friction effect of the actuators are
negligible. Table 2.4 lists the experimental parameters. The other parameters are the same as those used

in the analysis, and are listed in Table 2.3.

2.15.2 Experimental Results of Reaction Torque Control System with and without Pro-
posed KFSO

Fig. 2-32 shows the experimental results of the reaction torque control by a conventional method

and the proposed method. As shown in the figure, the noise-suppression performance of the proposed
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Fig. 2-32: Experimental results of reaction torque responses.
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Fig. 2-33: Enlarged view of error responses from 6.0 s to 10.0 s.
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methods are improved compared with those of the conventional DOB-based reaction torque control.

Fig. 2-33 shows the enlarged view of the error responses about the reaction torque when the actuator
made contact with the environment. It can be confirmed that the proposed method shows better tracking
performance than the conventional method.

From these results, the validity of the proposal is confirmed.
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2.16 Summary of Chapter 2

In this chapter, high-order disturbances with considering stochastic behavior were described. The
high-order disturbances in an actuator, a multi-degree-of-freedom (MDOF) system and an environment
were explained.

This chapter also showed a design method of a KFSO for tuning the covariance matrix with respect to
system noise. A high-order disturbance observer based on a Kalman filter for realization of the precise
force control was also shown.

By the proposed tuning structure, the numbers of parameters that have to be determined were reduced
from nine to two parameters because the time derivative of system noise in torque dimension is taken
into consideration in the disturbance model. Furthermore, the structure of Kalman filter-based external
torque estimation without using nonlinear Kalman filter was proposed. In addition, the relationships be-
tween the two parameters were confirmed by utilizing the steady-state Kalman filter. It is observed that
the Kalman filter is not able to estimate the disturbance/external torque appropriately if the tuning of the
covariance matrix is failed by regarding the parameters in () as just the gains of the Kalman filter. Exper-
imental results validated the tuning method and analytical results. Furthermore, this chapter also showed
a method to improve the performance of a reaction torque control system by using a high-order distur-
bance/reaction torque estimation based on a Kalman filter. The proposed method can realize a reaction
torque control system by using a proportional-derivative controller. It was confirmed that the proposed
proportional derivative controller for the reaction torque can improve control system performance while
suppressing the noise effect. This is because the estimated variables by the proposed Kalman-filter-based
high-order disturbance/reaction torque observer are utilized in the PD controller. The observer can es-
timate the disturbance/external torque and its time derivative with lower noise levels than conventional
DOBs or RTOBs.

The validity of the proposed method is confirmed through an experiment of the reaction torque control

that makes contact with an environment by using a single degree-of-freedom rotary motor.
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Chapter 3

Realization of Stable Contact Motion with
High-Order Environmental Disturbance

Estimation

3.1 Introduction of Chapter 3

This chapter shows a realization of stable contact motion with high-order environmental disturbance
estimation.

There are two types of control systems for realizing contact motions. One is an impedance control
(force-based compliance control)- based force control system [91]. This corresponds to the conventional
force control system based on DOB and RFOB. The force control system based on the structure is
combined with KFSOs in the last chapter.

The other type of force control system is an admittance control (position- based compliance control)-
based force control system [91, 106].

As mentioned in chapter 1, it is known that the performance and stability of the contact motions for
force tracking control are highly dependent on the environmental impedance [8,18,19]. If a velocity term
is implemented in the force control system, a stabilization of the contact motion is achieved. However,
the utilization of the velocity damping causes a deterioration of the force control from the view point of
the control stiffness [7,70].

In the case of the ideal position control systems, the control stiffness should be infinite. This means
displacement against external force should not be generated (should be zero). On the other hand, the

control stiffness should be zero in the case of the ideal force control systems. This represents the dis-
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placement against external force should be generated without constraint.

However, the velocity feedback term for the damping behaves as artificial viscous friction as a con-
straint force. Therefore, simultaneous realization of stabilization and ideal control stiffness is difficult.

On the other hand, this chapter shows a method of stable contact motions for force tracking control
based on the concept of resonance ratio control [74]. The similarity in the structure for admittance control
for contact motions and two-mass resonance systems [22] is derived. From the similarity, it is found that
the concept of the resonance ratio control can be applicable to the force tracking control.

Based on the concept of resonance ratio control, an admittance controller for contact motion with
the environmental disturbance (EnvD) compensation is proposed. By using the proposed method, the
vibration suppression in contact motion is realized even if the environment has no or insufficient viscos-
ity. The response characteristics of contact motion for force control can be determined arbitrarily by the
proposed method.

The proposed method realizes the simultaneous realization of stabilization and ideal control stiffness.
In accordance with the derivation of similarity between the two mass resonance system and the force
control system, EnvD is introduced which corresponds to a load side disturbance [23,24,107]. Similarly
to the compensation of the load side disturbance [23, 24, 107], the compensation of the EnvD in admit-
tance based force control system is also requires second and first order time derivatives of estimated
EnvD [74]. DOB/RFOB based control structure neglects the higher order derivative terms in order to
avoid enlarging the noise effect in the estimation [23,24,74,107]

This chapter also proposes the higher order EnvD estimation based on Kalman filter including the time
derivatives of EnvD for the compensation. A state observer with considering the model of high-order
time derivatives of EnvD is introduced. The disturbance/external torque is modeled as a second-order
signal of a time function though the disturbances are usually modeled as a step signal in conventional
DOBs or KFSO [65]. The highest (third) order time derivative of environmental disturbance is modeled
as behaving as random walk. The estimated variable of the proposed Kalman filter based high-order
environmental disturbance observer can be utilized for the compensation without enlarging noise effect
in time derivatives

Here, the target of this chapter is the realization of the contact motion for force tracking control by
a rigid actuator and the environment. This differs from the force control system for the actual two- (or

multi) mass resonant systems [108].
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3.2 Two Types of Force Control Based on DOB and RFOB

3.2.1 Force Control Based on Impedance Control

Fig. 3-1 shows a simplified block diagram of the force control system with DOB and RFOB. This
force control system can be regarded as a kind of impedance control with a virtual mass My which
corresponds to the force control gain. In the figure, s, F', X Z, and M represent the Laplace operator,

force, position, environmental impedance and mass of the actuator, respectively. Superscripts o115, #°xt,

.load ref , .cmd

, ® and a subscript e,, represent a disturbance force, external force, load force (with the
exception of external force), reference value, and nominal value, respectively. e represents an estimated
value. The disturbance force and the external force from the environment are estimated using a low-pass

filter (LPF) g;(s) in DOB and RFOB as follows:

PO — gl (5) P — () (o<t 4 plond) 3.1

Fext ext( )Fext (32)

The LPFs and the resulting high- pass filter (HPF) g;,(s) for disturbance compensation can be expressed

as

[675(), 67(5) | = [ o s (3:3)

() =1 g5 = (3.4)

where g represents the cut-off frequency. For simplicity, the cutoff frequency of DOB and RFOB are
assumed to be infinite. By considering this assumption, the transfer function from the torque command

to the external torque response using a proportional controller can be expressed as follows:

Ze(s)
Fext Tf
cm (35)
F d = g2 + Ze (5)
Ze(s) = M,s® + Des + K, 3.6)

where M., D, and K. represent the environmental mass, viscosity, and stiftness, respectively. As shown
by (3.5), the performance and stability of the force control system is highly dependent on the environ-
mental impedance. For example, the force response becomes oscillatory if the environment does not

have sufficient viscosity.
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Fig. 3-1: Block diagram of force control based on impedance control with DOB and RFOB [8].

3.2.2 Realization of Contact Motion By Admittance Control

In contrast to the conventional force control system, the contact motion for the force tracking control
can also be realized by an admittance control system. Fig. 3-2 shows the admittance control for the
force tracking control, where C),(s)=K,s + K, represents the position controller. K, and K, are the
velocity gain and position gain, respectively. The force command F“™¢ is achieved through the position

controller, as shown in Fig. 3-2 (a). The acceleration reference for the controller is given as follows:

Xref — Kp(X]ccmd . X}es . XreS) + KU(X;md . X}es o XI‘GS) + chcmd . X}es (3.7)
where X ngd’ X ;es and X ;ef are defined as
1 d " 5 emd .. S of
T (Fomd — ot} = Kgmd = K — Kt (3.8)

In the position control part, because X Jrcef behaves as a feedforward term of the acceleration, the transfer

function of position control becomes as follows:

ST = (K o Kos) (X = X°°) 4 82X (39
1

xTes Xref _ (chd _ Fext) ) 3.10

M= i (3.10)

According to (3.10), the resulting force response is represented by:

Fext — chd _ MfS2XreS- (3.1 1)
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Fig. 3-2: Block diagram of admittance control for contact motions. (a) Admittance control through

position control. (b) Equivalent transform.

From this discussion, it is found that the control structure of the admittance control for the contact
motions corresponds to the force control system based on impedance control, as shown in Fig. 3-2 (b).
This result implies that the performance and stability of the contact motions for the force tracking control
have the possibility of improvement by not only adjusting the force control loop itself, but also the inner

loop position control system.
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3.3 Realization of Contact Motions Based on Concept of Resonance Ratio
Control

3.3.1 Definition of Environmental Disturbance

In order to fix the environmental characteristics, an EnvD [96] is introduced. The EnvD FeClis is derived

as follows:

Fext _ Ze(S)Xres _ Zen(s>Xres _ Féiis — Feref _ Fedis (312)

Fedis _ —AZE(S)XrES — Zen(S)Xres _ Fext. (313)

The EnvD represents a disturbance force which is generated by variations of the environmental impedance
AZ.(s) from the nominal impedance Z,,(s). There are some researches regarding the fixing of environ-
ments (e.g, reference [73]). In contrast to the conventional researches, however, the definition of EnvD in
this research does not require the second-order time derivative of the force response, which would cause
a high-level noise effect, and the nominal mass of the motor. This chapter assumes that the nominal

environmental impedance consists of a stiffness of Z,,,(s) = Ke,.

3.3.2 Force Tracking Control Systems as Two-Mass Resonant System

The block diagrams of the force tracking control systems (Figs. 3-1 and 3-2) are transformed to
those shown in Fig. 3-3 if the DOB and RFOB work ideally. Fig. 3-3 (a) represents an equivalent
transformation of the force tracking control system based on impedance control. In Fig. 3-3 (a), X|*
represents the virtual position response, which excludes X}CS from the actual position response of X",
Xref represents an acceleration reference. In the case of the typical (ideal) force tracking control system,

an equivalent torsional force feedback gain (X, in the figure) is set to zero. The transfer functions with

regard to the position and force responses are described as follows:

2 4 Ken
Zes — }j + My itimd (314)
s2 + (1 + K, My) s My
Ken
res __ My I
X = e X (3.15)
!
Ken
Fot— o Femd, (3.16)

s A (L K My)
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Fig. 3-3: Equivalent transform of force control systems. (a) Impedance control. (b) Admittance control.

Actuator with DOB and RFOB

On the other hand, the force tracking control based on the admittance control system is also transformed,
as shown in Fig. 3-3 (b). The usual case for the force tracking control, K, in Fig. 3-3 (b), is also set to
zero. Here, in order to avoid zeros in the position control system, a velocity feedback is utilized in the

minor loop. The transfer functions are derived as follows:

xres ( + KETLK Xcmd 3.17
Y Den(s) G-17)
Ken »
M
xtes f Xcmd 3.18
77 Den(s)" (3.18)
K
enK
M
Fext f chd 3.1
Den(s) (3.19)
K.y, K.,
Den(s) = s* + K,s* + (5% + K, Koy + K,) 82 “"K,. (3.20)
My My My

These forms of the force tracking control systems correspond to the two-mass resonant system with an
acceleration feedforward, and a position control system, in the presence of load side disturbance, as
shown in Fig. 3-4 (a) and (b), respectively [22,23]. In Fig. 3-4, K;, X, F}, and subscripts a and [
represent the load side spring coefficient, torsional position, torsional force, actuator side, and load side,

respectively. X%, X[, and Fdls correspond to X%, X ;f’s, and Fdis,
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Fig. 3-4: Block diagram of two mass resonance systems. (a) Acceleration feedforward. (b) Position
control.

The results of the transformation indicate that the control strategies for the two-mass resonant system

are applicable to the contact motions for force tracking control.

3.3.3 Resonance Ratio Control for Contact Motion

Resonance ratio control was developed as an effective vibration suppression control method for the
two-mass resonance system [22,23]. According to the consideration regarding the similarity of the
two-mass resonance and force tracking control systems, this chapter proposes a force tracking control
system based on the concept of resonance ratio control. An actuator side resonance frequency wg,,
environmental resonance frequency we, and the resonance ratio for the force tracking control r. are

defined as follows:

{wanv Wen s 're} = [ I]f/[e;l (1 + KTMf)a KWE;L) Zﬁ} . (3.21)

The parameters of the force control system wgy,, Wen and 7. correspond to wy,: motor side resonance

frequency, w;: load side resonance frequency and r;: resonance ratio of the two-mass resonance system,
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respectively. It is known that the parameter gains can be determined to improve control performance and
to suppress the vibration of the position control of the two-mass resonance system. If the resonance ratio
is set to /5 the control system has a quadruple root [22,23]. In accordance with (3.18) and (3.19), the
transfer function of the force command to the force response has the same characteristics as that of the
position command to the position response. By considering these characteristics, if the resonance ratio of
the contact motion is set as 7. = /5, the force tracking control system based on the admittance control
has a quadruple root. With respect to the force control system of the two-mass resonance system, the
resonance ratio should be set to the other value. If the similarity of the force control and position control
of the two-mass resonance system described above is considered, however, the resonance ratio for the
control system should be set to r, = /5. In this case, the parameter gains of the admittance control for

force tracking control are determined as follows:
[KT K, Kp} — [Mif Asen wzn} . (3.22)

3.3.4 EnvD Compensation for The Proposed System

In order to fix the environmental impedance as the nominal impedance Z,,(s) = K, the EnvD com-
pensation for the contact motion based on admittance control is considered. The EnvD can be estimated

by using the estimated value of the RFOB Fext a5 follows:

B = g™ () = gi™(s) (P2t = P (323

= g8 (8) Zon (5) X5 — F<t, (3.24)

By considering the inverse system from the position command to the EnvD, the compensation value of

the EnvD is derived as follows:

$2 + Kys + Ky Zen(s) + K,

Xp — Fdis
cmp KpZen (8) €
Ko Ken + Kp o4
~N—————F. 3.25
K,Key © ( )

By compensating the EnvD through the position control system, the zero order term in (3.25) can be used
for the compensation. By attempting to add the compensation value to the acceleration reference, the
zero order term cannot be used, and the second order-derivative of EnvD directory must be used instead.

This will result in higher level of noise.
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Fig. 3-5: Block diagram of admittance control for contact motion based on equivalent resonance ratio
control and environmental disturbance compensation.

3.3.5 Whole Control System of the Proposed Method

The whole block diagram of the proposed method which shows a similarity to the two mass system is

shown in Fig. 3-5. The actual control reference of the actuator is given as follows:

Xref :KP(X;md 4+ XP X}es _ Xres)

cmp

HK, (0 — X7 — X)) — X7 — K, Fref (3.26)

The last term on the right side of (3.26) corresponds to the equivalent torsional force feedback in Fig.
3-5. Additionally, a block diagram of the proposed method for actual implementation is shown in Fig.
3-6.

By using the proposed method, the vibration suppression in contact motion is realized even if the
environment has no, or insufficient, damping (decay). The response characteristics of contact motion for

force tracking control can be determined arbitrarily by the proposed method.

3.3.6 Analysis for Control Stiffness

This section analyzes the control stiffness with respect to both the conventional method and the pro-

posed method. In this case, the effect of EnvD is neglected. The control stiffness is described as follows:

oF

=% (3.27)

K
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Fig. 3-6: Block diagram of the proposed method for actual implementation.

g5
chd + L + Xref i Fref _|_—
_k | My _ -

Actuator with DOB Environment

Velocity feedback

Fext
F ext( )'
97" RrFoB

Fig. 3-7: Block diagram of the force control with a velocity damping.

In the case of ideal position control, the control stiffness is infinite. However, in the case of ideal force
control, the control stiffness is zero.
As an alternative method to stabilize the force control system, an impedance controller with a velocity

damping can be considered. A transfer function related to the control stiffness is derived as follows:

et Mf32 + Dys
Xres - ext My dis (328)
97 (s) + 37-95,°(s)
Df = MfoU (3.29)
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Fig. 3-8: Bode diagram with respect to control stiffness.

where Dy = My Ky, represents the damping coefficient. The block diagram of the force control system
with the velocity damping is shown in Fig. 3-7. If Dy is zero, the system becomes the typical (ideal)
force control system.

On the other hand, the transfer function related to the control stiffness of the proposed method is

derived as follows:

Fext 2+ Kys+ K, + K. K,
e =~ My’ S chaihs S TR (3.30)
(82 + Kys + Kp,) g7 (s) + M—ighls(s)
If the bandwidth of the RFOB and DOB are infinite, the transfer function is expressed as
Frext K, KepnMys?
= (Mps® 4 2o S2 ) 331
Xres ( T Kt K, G310

The control stiffness of these methods is zero in the steady state in both cases. Fig. 3-8 shows a bode

diagram corresponding to the control stiffness with and without considering the filters of DOB and
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Fig. 3-9: Experimental setup for contact motions to a spring, a rubber ball and an aluminum block.

RFOBs (Bandwidth is 1000 rad/s). It is found that effect of the bandwidth of DOBs and RFOBs are
small on the amplitude of the gains. As shown in Fig. 3-8, however, the frequency responses related to
the control stiffness are not equal to zero in the higher frequency domain. It should be noted that the
proposed method yields better characteristics with respect to the control stiffness than the force control
with the velocity damping. This is because the gain of the proposed method is lower than that of the

conventional force control with the velocity damping, as shown in Fig. 3-8.

3.4 Experiments for Force Control Systems
3.4.1 Experimental Setup for Contact Motions with Various Environments

To confirm the validity of the proposal, experiments of contact motions for force tracking control were
conducted. Fig. 3-9 shows the experimental set up of a single DOF direct-drive rotary motor. As shown
in Fig. 3-9, a spring, a rubber ball, and an aluminum block are used as experimental environment. Table

3.1 lists the experimental parameters. Table 3.1 lists the experimental parameters.

3.4.2 Experimental Results of Force Control Systems

Fig. 3-10 shows the experimental results of the spring environment. In the case of proposed (2),
the force control gain (virtual inertia) M are reduce to half of the other case and nominal stiffness is
set to five times larger than the other case As shown in Fig. 3-10 (a), the response of the conventional
force control system based on impedance control is oscillatory. Although the oscillation is reduced by
the velocity damping, an overshoot is seen. Additionally, the conventional force control with equivalent
torsional force feedback (based on Fig. 3-3 (a)) cannot converge with the command torque. On the other

hand, the proposed method shows a stable response and the external torque response converges with
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Table 3.1: Experimental parameters for contact motions to a spring, a rubber ball and an aluminum block

Parameter | Description Value
T sampling time 0.1 ms
g¥s, g™t | cut-off frequency of DOB and RFOB 1000 rad/s
gdis cut-off frequency of EnvD estimation 1000 rad/s
o d cut-off frequency of velocity estimation 2500 rad/s
My force control gain (virtual inertia) 0.01 kgm?
JIn nominal inertia of actuator 0.004 kgm?
Ky, nominal torque coefficient 1.18 Nm/A
K, equivalent torsional force feedback gain 400
K. stiffness of spring 7.15 Nm/rad
K, position control gain for spring 715
K, velocity feedback gain for spring 107
K., nominal stiffness of rubber ball 3 Nm/rad
K, position control gain for rubber ball 300
K, velocity feedback gain for rubber ball 69
K., nominal stiffness of aluminum block 130 Nm/rad
K, position control gain for aluminum block 13000
K, velocity feedback gain for aluminum block 456

the command torque. Even though the force control gain (virtual inertia) and nominal stiffness is set
larger (proposed (2)), similar revel of the response as the conventional method with velocity damping is
obtained Fig. 3-10 (b) shows the effect of the variation of the nominal stiffness from the actual stiffness,
as well as the effect of the equivalent torsional force feedback and EnvD compensation. As shown in
the figure, a higher nominal stiffness causes an overshoot, whereas a lower nominal stiffness results in a
stable but slow response. Although there is an overshoot, the proposed method with the higher nominal
stiffness can achieve a more stable response than the conventional method, as shown in the figure. If
the force control gain (virtual mass) M of the conventional method is reduced, a more stable response
than in the case of the higher gain can also be achieved. However, the control stiffness is degraded. On
the other hand, it is found that the response becomes oscillatory and the convergence becomes slower
if the equivalent torsional torque feedback and EnvD compensation are not implemented. Fig. 3-11
shows the experimental results with respect to rubber ball and aluminum block. In the case of proposed

(2), the force control gain (virtual inertia) M is multiplied by 0.3. As shown in Fig. 3-11 (a), the
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proposed method achieves a stable response in the case of the rubber ball, although the responses of the
conventional methods vibrate in the transient phase. As indicated by Fig. 3-11 (b), the conventional
method (impedance control based method) generates an overshoot, however the conventional method
with velocity damping and the proposed method show similar stable responses.

As shown in Fig. 3-12, however, the proposed method achieves a lower level of operating force in the
free motion compared to the conventional method with velocity damping. From the view point of force
tracking control, Fig. 3-12 (a) represents the conventional method with velocity damping deteriorates
the disturbance response. Additionally, the operating force of the proposed method is at the same level
as the conventional (normal) force control system. This indicates that the control stiffness of the pro-
posed method is close to the ideal case. From these results, the validity of the proposed method can be

confirmed.
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Fig. 3-10: Experimental results of the spring. (a) Comparison between the conventional methods and the
proposed method. (b) Comparison of the variation of nominal stiffness.
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Fig. 3-11: Experimental results for a rubber ball and an aluminum block. (a) a rubber ball. (b) an

aluminum block.
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Fig. 3-12: Experimental results with pushing motions performed by a human operator to validate control
stiffness (equivalent parameters to Fig. 3-11 (b)). (a) Torque command is set to 0.2 Nm. (b) Torque
command is set to 0.0 Nm (free motions).
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3.5 Estimation and Compensation for High-Order Environmental Distur-
bance and Its Time derivatives Based on Kalman Filter

In the last part, admittance control based force control with environmental disturbance compensation
is introduced which corresponding to load disturbance in a two mass resonance system.

For the compensation of the environmental disturbance, only the zero order term inverse system is
considered in order to avoid enlarging noise effect by implementing time derivatives of estimated envi-
ronmental disturbance. The higher-order terms of timed derivatives are usually neglected also for the
compensation of load disturbance in the two mass resonance system.

This chapter considers utilizing the higher-order time derivative terms in compensation for environ-
mental disturbance. The high-order environmental disturbance is estimated by a Kalman filter includ-
ing higher-order time derivative of environmental disturbance. The estimated variable of the proposed
Kalman filter based high-order environmental disturbance observer can be utilized for the compensation

without enlarging noise effect in time derivatives

3.6 Analysis for EnvD Compensation with Considering Higher-Order Deriva-
tive Term of EnvD

In the last part, the inverse system for constructing the EnvD compensator is approximated by a zero-
order system in order to avoid enhancing noise effects as shown in (3.25). However, the actual system is
a second order system. Therefore, this part realizes the inverse system by using pseudo differentiation for
the time derivatives of the EnvD. Additionally, the effect of the inverse system and the EnvD Observer

are analysed.
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Fig. 3-13: Block diagram of the proposed method with EnvD compensation.

3.6.1 Modeling with Inverse System

The compensation value is obtained as follows:

82+ Kyps + Ky Zon(s) + Kp ~gi , cais NIV (8) <
XP — v r<en delS — (Yinv FdlS — num FdlS 3.32
omp Ky Zen(s) c GHs)Fe Diwv(g) "~ ¢ (3-32)
 Ia(9)5” + KogP ()5 + Ko Zen(s) + K i
Ky Zen(s) €
. o Ninv o
— Glnv(S)Fedls — ~n.um(s) Fdls (333)
D (s)
. Ninv (8)
Ginv — I'num 3.34
(S) DéIrllV(s) ( )
. Ninv
va(s): ~n.um($) (335)
D (s)

where 9;)2(111 a(5)s gf’d(s), G"V(s), NI (), DIV(s) @ represent a 2nd-order low-pass filter, a 1st-order
low-pass filter, a transfer function of the inverse system, a numerator of the inverse system, denominator
of the inverse system and transfer functions of the inverse system with pseudo-differentiation, respec-
tively. The block diagram for the analytical model with the compensation value by (3.33) is shown in Fig.
3-13. The block diagram is equivalently transformed as shown in Fig. 3-14. As for the EnvD estimation
in Fig. 3-14, the nominal force control gain ﬁ is inserted as a virtual nominal value. If the bandwidth
of the pseudo differentiation in the inverse system is infinite, from Fig. 3-13, the transfer function from

Femd o Fext with the variation of the environmental impedance from the nominal value is described as
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and equivalent torsional force feedback

chd + 1 + + Kp xres ~ (s) Fext
- Mgs2|  —f  + 52 + Kys + Ky Zen(s) + K, e —
~inv N&?X(S) is
G (s) = Dinv(g) Igﬁ (s )I IZen(S)I'
= ¢ EnvD estimation
Inverse system M Frex :
f res
M| Ly e
~inv _ *'um dis R
G (S) - Dgrllv(s) ‘gle ( )l | Mf” |’" Mf
M is 1 ex 1
H(S) = Fi gg (S)S Mn + g t( ) (52 + K,US + Kp) Mf

Fig. 3-14: Equivalent transform of Fig. 3-13.

follows:
Fext Z]T4(S) KP
= f : < (3.36)
Frem Den(s) + Kp (Ze(s) = Zen(s)) G™(5)gje"(s)s”
- N (5) (3.37)

Den(s) + K, My (%42 = Z30) Gine (s)gilis(s)2

Ze Ze :
Den(s) = st K, st + (KTZen(s) + K, + (S)Qf"t(s) + ('9)9215(3)> s2
M, M

Ze(s) . Ze(s)
;\}f Kugi*(s)s + ;\}f

K,pg5(s) (3.38)

+ 1

where gi5(s) and g5(s) represent a low-pass filter for EnvD estimation and equivalent high pass filter
for disturbance suppression, respectively. If the bandwidth of the EnvD estimation assumed to be infinite,

(gdls — 00 (gdls( ) — 1)), the transfer function is rewritten as

Zen(8) Z (S)
Fext _ Zo(5) K (3.39)
Femd - 2l [ Dou(s) + Ky (Ze(s) = Zen(s)) G (5)g5i(s)s2]
where
Zen(s) o Zen(s) 4 3 2 Zen(s) ext Zen(s) dis 2
Ze( ) Den(s) = Ze(S) [5 + Kys® + (KrZen(S) + Kp) S ] + Mf g1 (5) + M 9n (S) s
1 Zenl8) g et (s)s 4 Zenl®) g o) (3.40)

My My
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(5) = Foh [ 3 0 (5 Kos £ K5) 3

Fig. 3-15: Equivalent transform of Fig. 3-13.

The remained term in (3.39) is expressed as follows:

T (8, (2006) = Zun(o) 6™ (91550
S st 1;53 rZen\S P 5>
_ ZZe:(i)) K, Zu(s)> T8 +[é,[;ef(s)( )
_ZZen((;)) [54 + K,s® + (K Zen(s) + Kp) 52] : (3.41)

As shown in (3.43), Z.(s) and My are replaced by Z,(s) and My, if the bandwidth of the EnvD
compensation is sufficiently high.

Fext . Numn(s)

= 3.42
chd Denn(s) ( )
Zon(s Zon(8)
Denn(s) = s* + K, 5% + <KTZen(s) + K, + ;;( )gf"t(s) + e;\}( )ggls(s)> 52
fn
Zen(8) t Zen(s) t

+ K,g7 (s) + K97 (s (3.43)

T K o)+ S K o)

Therefore, the system becomes nominal system by using the EnvD compensation in the ideal case

(gzdeis(s) — 1) is confirmed.

3.6.2 Effect of Variations of Environmental Impedance from Nominal Values

In the Case That Bandwidth of Pseudo Differentiation in Inverse System Is Infinite

If the bandwidth of the pseudo differentiation in the inverse system is infinite, the block diagram shown
in Fig. 3-14 is transformed to Fig. 3-15. In the figure, the variation of the environmental impedance
(stiffness) and virtual mass from nominal values are expressed as follows:

My, K. _ My, K. _
Zen(s) My Ken(s) My

(3.44)
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Fig. 3-16: Equivalent transform of Fig. 3-13 with the finite bandwidth of the pseudo differentiation in
the inverse system.

In the figure, we considered stiffness only as a nominal environmental impedance. As shown in Fig.
3-15, a element of phase compensator GP"(s) is appeared by considering o as follows:

s+gldeis

s+ agdis'

le

GP(s) = a (3.45)

If the nominal environmental impedance Z,,(s) = K, is smaller than the actual stiffness and nominal
force control gain My, is larger than My, the element of phase compensator becomes a phase lead
compensator. On the other hand, if the nominal environmental impedance Z,, (s) is larger than the actual
stiffness and nominal force control gain My, is smaller than My, the element of phase compensator
becomes a phase lag compensator. This relationship is similar to the relationship between a nominal

torque coefficient K; and a nominal mass in a DOB [8].

In the Case That Bandwidth of Pseudo Differentiation in Inverse System Is Finite

If the bandwidth of the pseudo differentiation in the inverse system is finite, Fig. 3-14 is transformed
to Fig. 3-16. In Fig. 3-16, not only the environmental stiffness but also environmental damper and mass

are considered. In this case, the element of the phase compensator éph(s) is also appeared as follows:

- o2 i (9
G = £ — 3.46
) Ze(s) Nt (8) ais (340

dis _
denle(s) + (Oé Ke )Ninv(s) numle(s)

um

where ndiS, (s) and d%%8_(s) represent a numerator and a denominator of the estimation for EnvD. Fig.

3-17 shows a bode diagram of éph(s) with the variation of glpgid and gfd. In this figure, the structure of
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the EnvD is a 2nd-order disturbance observer. The estimated value is expressed as

3gdlss2 4 3gdls s +gdls Fdis

FE® =gl " F® = = TR (3.47)

33+39 1582-1—39 is2 3+g is3

di d di di

glis(s) = Mammte(5) __391c°5” + 3gie S+ g (3.48)

denle( ) S3+3_gd1382+3_gd13 S+gd18
(3.49)

where nﬂifll .(s) and dgllfl .(s) represent a numerator and denominate of gd‘S( ), as follows:

nd e (s) = 30?4 3git*"s + gt (3.50)
45 (s) = 5 + 3gilos? + 3 s 4 gils”, 3.51)

The bandwidths of the 2nd-order DOBs for EnvD compensation are set to 876 rad/s. In Fig. 3-17, the
bode diagram without higher-order term and bode diagram of following three cases are plotted. In this

figure, «v is varied from 0.4 to 2.0.
e case 1: K. = 10, glznd = 100 rad/s and gfd = 50 rad/s.
e case 2: K. = 10, gl2nd = 409 rad/s and glpd = 199 rad/s.
e case 2: K. = 10, glznd = 2000 rad/s and glpd = 1000 rad/s.

As shown in the figure, the effect of phase lead/lag compensation can be confirmed. Additionally, in
accordance with the increasing the bandwidth of the pseudo differentiation, the frequency domain for the

phase compensation is also increased.
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Fig. 3-17: Bode diagram of éph(s) with the variation of g};i q and gfd with the variation of « from 0.4
to 2.0.
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Fig. 3-18: Nyquist plot of open loop transfer functions for cases 1 to 3 and the case without higher-order
term with the variation of a from 0.4 to 2.0.

3.6.3 Stability Analysis

This part analyzes the stability of the proposed system with the inverse system. The open loop and the
closed loop transfer functions for the analysis are derived from Fig. 3-16. In the analysis, the system is
assumed to be discretized by zero-order hold. The bandwidth of the DOBs and RFOBs are set to 1000
rad/s.

Effect of Parameter Variations

Fig. 3-18 shows the Nyquist plot for the open loop transfer function without higher-order term and
cases 1,2 and 3. As shown in the figure, the stability is improved in accordance with the o and bandwidth
of the pseudo differentiation are increased. However, it should be noted that if the bandwidth of the

pseudo differentiation is not sufficiently high, the stability of the higher-order differentiation inferior to
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Fig. 3-19: Nyquist plot with the variation of environmental stiffness K, from 10 to 70 and 100 to 700.

the system without the higher-order differentiation in the case with the phase lag element.

Therefore, in the case where the sufficient differentiation is not achieved, the inverse system should
be set to the Oth-order. Fig. 3-19 shows the Nyquist plot with the variation of environmental stiffness
K, from 10 to 70 and 100 to 700 in case 2 with different a. The figure indicates that the stabilities of
the all systems are deteriorated with increasing the environmental stiffness K. As shown in the figure,
the stability is seriously affected compared to the Oth-order DOB when « is less than 1. On the other
hand, if « is larger than 1, the effect of the stiffness variation on stability is smaller than that of case 2. In
addition to Fig. 3-18, this figure indicates that the system with the large phase element and insufficient
differentiator should employ the Oth-order DOB. Fig. 3-19 shows the Nyquist plot with the variation of
environmental damper D, from 5 to 70 in case 2 with different . As shown by the figure, compared to
the variation of the stiffness, the effect of the variation of damper is small. Fig. 3-19 shows the Nyquist
plot with the variation of the environmental mass from 0.001 to 0.007 in case 2 with different . The

variation of environmental mass is most serious compared to the stiffness and damper.
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Fig. 3-20: Nyquist plot with the variation of the environmental damper D, from 5 to 70 (with the condi-
tion of case 2).
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Fig. 3-21: Nyquist plot with the variation of environmental mass M, from 0.001 to 0.007 (with the
condition of case 2).
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Effect of Discretization

Fig. 3-22 shows the Nyquist plot with the variation of sampling time in order to confirm the effect of
discretization with case 2. The variation is from 0.0001s to 0.06 s. As shown in the figure, the stability is
deteriorated in accordance with increasing the sampling time. However, the degree of deterioration with
respect to Fig. 3-22 (b) is smaller than (a). Therefore, it is found that the effect on the discretization can

be kept lower level if « is larger than 1.
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Fig. 3-22: Nyquist plot with the variation of sampling time 7% from 0.0001s to 0.06 (with the condition
of case 2) (a) @ = 0.5. (b) a = 1.5.

- 115 -



CHAPTER 3 REALIZATION OF STABLE CONTACT MOTION WITH HIGH-ORDER
ENVIRONMENTAL DISTURBANCE ESTIMATION

3.6.4 Step Responses of Closed Loop System

Fig. 3-23 shows step responses of the closed loop system with different c. The system with Oth order
DOBs without higher-order time derivatives, the system with 2nd order DOBs without higher-order time
derivatives, the system with 2nd order DOB without EnvD compensation, the system with 2nd order
DOBs with higher-order time derivatives and nominal system with a quadruple root are compared. As
shown in the figure, the system with 2nd order DOB without EnvD compensation becomes oscillating
even if « is larger than 1. On the other hand the responses of the system with 2nd order DOBs with
higher-order time derivatives is closest compared with the other system. These result shows that to
obtain a nominal system (desired performance), the higher-order time derivative in the inverse system is

needed.
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Fig. 3-23: Step responses of closed loop system with Z,(s) = 0.001s% + 50s + 1000 (a) a = 0.5. (b)
a = 1.5.
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3.7 Summary of Analysis

From the above part, the results of the analysis are summarized as follows:
o The stability is improved if « is larger than 1.

o If the bandwidth of the pseudo differentiation for the inverse system is small and variation of
environmental mass and stiffness is large, the stability is deteriorated even though « is larger than

1.

o The stability with insufficient differentiator and large phase lag the system is inferior to the system

without the higher-order differentiation

e The system performance is improved by implementing the higher-order differentiation and in-

creasing the bandwidth.

Therefore, this chapter derives Kalman filter for estimation of higher EnvD and its time derivatives

without increasing noise effect. From next part, the derivation of the Kalman filter is described.

3.8 Derivation of Kalman Filter Based State Observer with High Order

Environmental Disturbance Estimation

This chapter proposed a Kalman filter based state observer (KFSO) with the high-order environmental
disturbance estimation in order to suppress noise effects and to obtain the first and second order time

derivative of environmental disturbance.

3.8.1 Kalman Filtering Process

A motion equation including environmental disturbance can be obtained as follows:

Manes(t) _ Fref(t) _ Fload(t) _ prext (t) + Udis(t) (3.52)
Fedis = K, X _ rext (3.53)
My X" (t) = F(t) — F'2(t) + FO5(t) — Ko X7 () + v (2). (3.54)
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A state space equation of an actuator in which the sate vector includes EnvD and its time derivatives can

be described as follows:

Z" ) = AhZM(t) + B u(t) + BE V(1) (3.55)
Z?(t): [Xres xres Fedls Fedls Fedls:| (3.56)
Y (t) =ceZo(t) + W(t) = X () + w(t) (3.57)
h . . T
V(L) = [v95(t) v ()] (3.58)
u(t) = F" + Fj — Kep X™ — Flovd (3.59)
where
0 1 0 0 0] [0 ]
00 5 00 T
A2:00010,Bh:0,:[10000 (3.60)
00 0 01 0
00 0 00 0
o o
i O
B = |0 o0 (3.61)
0 0
0 1

In the state space model, the model of EnvD is expressed as

FIS(t) = deo + dert + deot” + / / / vl (T)dT? (3.62)
FIs(t) = €1+—t+ / / v (T)dT? (3.63)
Fdis(p) = d = 4 /0 vds L (T)dT (3.64)
Fo() = Saif2<t> (3.65)

In this model, the third order derivative (higher-order differentiation) of the disturbance is considered
differently form the usual KFSO [65]. The disturbance/external torque is modeled as a second order
signal of a time function though the disturbances are usually modeled as a step signal in conventional
DOBs or KFSO [65]. The presence of third order time derivative of system noise should be assumed in
order to construct Kalman filter based disturbance estimation. The highest (third) order time derivative

of environmental disturbance is modeled as behaving random walk.
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An actuator dynamics model in discrete time domain can be formulated as follows:

ZM'k+1) = AlLZMNE) + Bl (k) + B V(E) (3.66)
Zl(k) = [X‘”es(@ XS (k) FOS(k) FSS(R) Fs(k) ! (3.67)
Y (k) = cZME) + W(k) = X™(k) + w(k) (3.68)
Al = AT (3.69)
Ts IS
B!, = / eAtBhdL, (3.70)
0

A Kalman filtering proposes is executed based on (3.66). The filtering process can be divided into the
prediction and updating phases. In the prediction phase, predicted (a priori) state estimate Z (k) and

predicted (a priori) estimate error covariance matrix P~ (k) are estimated as follows:

- ~h
ZMN (k) = AMNZ(k—1)+Bhu(k 1) (3.71)
A a T
=[x S A AR Fhﬁ] 372)
hT

P!~ (k) = ALPIE-1AL +Ql (3.73)

In the updating phase, the Kalman filter gain matrix ngf(k) is calculated as
_ T _ -1
Gli(k) = P ()l (clPI=(k)ck +R.) . (3.74)
The estimated (a posteriori) state vector and the (a posteriori) error matrix covariance matrix are updated

by using an actual measurement Y (k) at every sampling instant as follows:

20 = 2" (k) + Ghe(h) (Y(k)—c222<k>) (3.75)
N “ /\d. ?d, Ad T

= |k X Bl Bds, B (3.76)

Pi(k) = (1 - Glig(k)el) Pl (k). (3.77)

The estimated variables Z (k) are used for the control system. The estimated EnvD and its time deriva-

tives are expressed as follows:

P = g (2)FSS + gl (2)w (3.78)
Fldte = o) E 4+ g7 (2w (3.79)
F, Sﬁskf = GPkiana (D) FE™ + g pgna(2)w (3.80)
hent(2) = 1= glcher (2)- (3.81)
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By considering state space equation, the time derivatives of EnvD can be expressed as follows:

- 22-1 4

Féils _ fj n 1F£15 (382)
S

2 (z—1)%

Foe = 2 (ZZH) s, (3.83)

Because gi%, (2), gg}ilkf(z) and glpﬁlmn 4(z) have a same denominator, the estimated values of the time

derivatives of EnvD are rewritten as follows:

e (2) 2
F edﬁif = dgﬁ]skf F dls+ Nehkf( z)w (3.84)
lehkf(z)
nhae(2) nie(2) 2 2 -1 4
= 4 : + IRenke (2)w (3.85)
n?elslkf(z) d?eﬁkf(z) T z+1 ¢ Nehkf
lehkf (Z ) dis -1 dis
= — "+ 3.86
) P R 356
pd dis 2z-1 dis
= ok () Giehe (2 )T -|-1Fe + Nehkf( z)w (3.87)
di n n (Z) di
FEhif - dilelilkﬂ d(z)F "+ Nehkf( ) (3-88)
lehkf2nd
”l hkfon (%) 7 hkf(z) 2 (2— 1) di
- ne : (2) di i ()12 z+1 F™ 4 g ehona ()0 (3.89)
lehkf2nd lehkf
2
lehkf2nd(z) dis 2 (Z — 1) dis
= & Gienkt (2) 7 = L + g8 (2)w (3.90)
n;le]snmnd(z) le T2 241 Nehkf2nd
2
d di 2 (2—-1)
= Ghopkiza( )gléﬁkf(z)ﬁﬁ}? 9 R ehkizna (2)W (3.91)
S
where
pd
pd/ Mepit (2)
Gionet(2) = —ge (3.92)
fehk nlehkf(z)
pd
pd/ Mehifond (7)
Tienkiznd(?) = —go 1 (3.93)
‘ n?ellslkand(z)

Tuning method for QZd is conducted in the similar way as the case of the high-order disturbance

dis

estimation shown in chapter 2. Only the variances with respect to v3%(¢) and v3%, (¢) o2

vdlb and U pdis

edlf2
should be determined.
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3.8.2 Proposed Method

The estimated variables by the designed Kalman filter are applied for admittance control based force

control. In the discrete time domain, the ideal compensation value for the EnvD is expressed as follows:

2 L Kos+ KoKy + K, o
xp, = SRS A Ren £ Ry pais (3.94)
Ky Ko

2 (z—1)? 221

—_— K, K, K,
T2 z+1 + stz+1+ rflen Ky

= T Fiiike- (3.95)
pfren

The compensation value for the environmental disturbance compensation is derived by using the state

variables estimated by the proposed Kalman filter as follows:

_ Fase + Ko F3S e + (K Ken + Kp)Ffﬁf;f

XP., = frovTe (3.96)
pfren
By considering (3.87) and (3.91), (3.96) is rewritten as follows:
d 2 (z—1)* d 22-1
Ieizna (7) 753 + Koghme (2) 7 + K Ken + Ko
» T2 241 Tsz+1 ~ dis
Xemp = I dis . (3.97)
pfren

As shown in (3.97), the compensation value is equivalently composed by the inverse system with the
pseudo differentiators and estimated EnvD through the Kalman filter.

The acceleration reference and resulting reference force are obtained as follows:

X = K (X5 4 XB — X5 — XI5 + K, (0 — X5 — Xi53) — X3 — K, B2 (3.98)

X}es _ X;md o X}es _ M (chd _ Fffﬁ%) (3.99)
f
Fnref — Manef + }iilisf (3100)

In the same way as the proposed high-order environmental disturbance estimation by Kalman filter, the
higher-order state observer for an actuator can be constructed. The state variables Xﬁ’ff, X}es, Fﬁfj}
and Ffﬁ? in (3.98) are estimated by the Kalman filter based state observer. A state space equation of

an actuator in which the sate vector includes the 2nd-order disturbance and its time derivatives can be
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Fig. 3-24: Block diagram of the proposed reaction torque control system.

described as follows:

where

>
[}
I
o oo oo

oe

<

[N}

|
ooogi‘wc:
— o o © ©

o O O O

— Fref
0 0
0 0
1 0
0 1
0 0

h2

= OE‘HO

:[10000

Fext
O——

(3.101)
(3.102)
(3.103)
(3.104)

(3.105)

(3.106)

(3.107)
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Rotary motor

Environment

Fig. 3-25: Experimental setup for comparison of EnvD compensation.

The subscript h2 represents the variables corresponding to the 2nd-order disturbance estimation. In the

state space model, the model of disturbance force is expressed as

FYS(t) = do+ dit + dot® + / / / vl (T)dT? (3.108)

Fs(p) = d1+?t+ / / vl (T)dT? (3.109)

dis d2 ¢ dlS

FE) = 5+ | vgip(T)dT (3.110)
0

) = vl ). G.111)

The whole block diagram of the proposed method is shown in Fig. 3-24. In this system is assumed to
have an ideal sampler and a holder with sampling time 7.

By using the proposed method, noise suppression and performance improvement are expected.
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3.9 Experiments for Verification of EnvD Compensation
3.9.1 Experimental Setup for Contact Motion with EnvD

To confirm the validity of the proposal, experiments of contact motions for force tracking control were
conducted. As shown in Fig. 3-25, a rubber ball is used as experimental environment. Table 3.2 lists the

experimental parameters.

3.9.2 Experimental Results

Fig. 3-26 shows the experimental results of the conventional methods and the proposed method.
Methods without considering high-order term in compensation become oscillating. Conventional method
with considering high-order term in compensation enlarges effect of noise though the bandwidth of the

pseudo differentiation of environmental disturbance is smaller than that of the proposed method.

Table 3.2: Experimental parameters for comparison of EnvD compensation

Parameter | Description Value
T sampling time 0.1 ms

gdis bandwidth of DOB 1000 rad/s
gt bandwidth of RTOB 1000 rad/s
gﬂlif bandwidth of KF based DOB 1000 rad/s
gﬁ’ﬁtf bandwidth of KF based RTOB 1000 rad/s
gdis bandwidth of EnvD estimation 876 rad/s
ggf{s bandwidth of KF based EnvD estimation 876 rad/s
ggld bandwidth of (1st) diff. of env. Dist. 408 rad/s
gé’zd bandwidth of (2nd) diff. of env. Dist. 199 rad/s

9P | bandwidth of (1st) diff. of env. dist. 649 rad/s

g£2dhkf bandwidth of (2nd) diff. of env. dist. 438 rad/s
o d cut-off frequency of velocity estimation 1173 rad/s
My force control gain (virtual inertia) 0.01 kgm?
JIn nominal inertia of actuator 0.004 kgm?
K, nominal torque coefficient 1.18 Nm/A
K, equivalent torsional force feedback gain for spring 400
K., nominal stiffness of rubber ball 70 Nm/rad
K, position control gain for rubber ball 7000
K, velocity feedback gain for rubber ball 335

-125 -



CHAPTER 3 REALIZATION OF STABLE CONTACT MOTION WITH HIGH-ORDER
ENVIRONMENTAL DISTURBANCE ESTIMATION

051 DOB based compensation (2nd-order) - .
04 | i DOB based compensation (Oth-order) —-—------ |
. :: conventional ----------
0.3 i
£ 02
O
5, 0.1 |
—
o
= 0 pi i
High-order KF based compensation (Oth-order)
-0.1 ii High-order KF based compensation (2nd-order) ——— 1
| command reeereeees
-02 r i
-0.3 :

0O 01 02 03 04 05 06 07 08 09 1
Time [s]

Fig. 3-26: External torque responses with EnvD compensation.

In a contrasting situation, the proposed method achieves lower level of oscillation than the conven-
tional method and suppresses noise effect compared with DOB based methods.

Fig. 3-27 shows the comparison of the time derivatives of environmental disturbance between the
conventional method and the proposed method. As shown by the figure, suppression of the noise effect
can be confirmed also in the time derivatives of environmental disturbance. As for the case of the first-
order time derivative, especially, the phase lag is found in the response of the DOB based method. This
is because the time derivative is obtained from the estimated EnvD which get through a low-pass filter of
a DOB.

On the other hand, the proposed method achieves the faster and clearer response than the conventional
method.

From these result, the validities of the proposal can be confirmed.
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Fig. 3-27: Experimental results of time derivatives of environmental disturbance. (a) 1st-order derivative.
(b) 2nd-order derivative.
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3.10 Summary of Chapter 3

This chapter showed a method of stable contact motions for force tracking control based on the concept
of resonance ratio control.

The similarity in the structure for admittance control for contact motions and two-mass resonance
systems was derived. From the similarity, it was found that the concept of resonance ratio control is
applicable to force tracking control. Based on the concept of resonance ratio control, an admittance
controller for contact motion with the EnvD compensation was proposed. By using the proposed method,
vibration suppression during contact motion was realized even if the environment had no, or insufficient,
viscosity. The response characteristics of contact motion for force tracking control can be determined
arbitrarily by the proposed method.

This part also considered utilizing the higher-order derivative terms in compensation for environmental
disturbance.

For the compensation of the environmental disturbance, only the zero order term inverse system was
considered in order to avoid enlarging noise effect by implementing time derivatives of estimated envi-
ronmental disturbance. The higher-order terms of timed derivatives were neglected also for the compen-
sation of load disturbance in the two mass resonance system.

In this chapter, the high-order EnvD was estimated by a Kalman filter including higher-order time
derivatives of the EnvD. The estimated variable of the proposed Kalman filter based high-order environ-
mental disturbance observer can be utilized for the compensation without enlarging noise effect in time
derivatives

The experimental results validated the proposed method.
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Chapter 4

Performance Enhancement of
Position/Force Hybrid Control for Motion

Extraction

4.1 Introduction of Chapter 4

This chapter introduces a hybrid control system based on an acceleration controller in the modal space,
which is capable of realizing decoupling control and performance improvement of the bilateral control
system [97]. In motion control systems, hybrid control systems in which position/force control systems
are constructed in different axes [75] will be important for the interaction with human beings and outer
environments. This chapter shows how an acceleration controller can realize decoupling control in the
modal space. Furthermore, a novel disturbance observer for enhancing the performance of an accelera-
tion controller is proposed. Differently from the conventional hybrid controllers [79—-81], the proposed
controller does not affected by the variation of manipulator configurations except for neighborhood of
a singular point because he structure of the proposed method is based on the acceleration controller
[21,84]. Moreover, this chapter proposes a method for the simultaneous achievement of performance
improvement, decoupling of null space and suppression of the noise effect for the hybrid control system
with RDOF. The authors show that a hybrid controller based on an acceleration controller in the modal
space performs decoupling control of the position and force control systems of the bilateral control [97].
In addition, the authors proposed a DOB with the aim of improving performance of the hybrid controller
in the modal space [97]. This study suppresses the operating (inertia) force and the interference from

null space with the simplification of inverse kinematics by extending the DOB for hybrid controllers to
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the redundant systems. Furthermore, the reconstruction of the DOB by coupling with a Kalman filter
is proposed to suppress the noise effect. The validities of the proposal are confirmed by analyses and

experiments.

4.2 Kinematics and Dynamics of Hybrid Control

This part describes a kinematics and dynamics for hybrid controllers.

4.2.1 Kinematics of Bilateral Control as a Hybrid Control

The control goals of bilateral control are described in terms of the position and force responses of the

master and slave systems, as follows:

F& = et pext — pand — 4.1)

Xy =X -Xo=X¢=0 (4.2)

where F' and X represent a force and position vector. In addition, subscripts m, s, F' and X represent
a master system, a slave system, a force control system and a position control system, respectively. Eq.
(4.1) represents the realization of haptic feedback (law of action and reaction) between the master and
slave systems. On the other hand, (4.2) represents the position tracking of the master and slave systems.
These control goals are achieved by the application of force control and position control. Therefore, a
bilateral control system can be regarded as being a force-position hybrid control system [79-81]. To
describe and realize hybrid control, the force and position information of the master and slave systems
is transformed to the modal space. Fig. 4-1 shows block diagrams of the conventional bilateral control
systems based on force controllers. Fig. 4-1 (a) shows the block diagram of the bilateral controller using
the hybrid matrix-based method [79, 80]. On the other hand, Fig. 4-1 (b) shows the hybrid controller
based on MDOB [81]. In the right sides of Fig. 4-1, the workspace represents the Cartesian coordinate
that corresponds to the hand coordinate of the master and slave manipulators. In the left sides of Fig.
4-1, on the other hand, the modal space is defined as a virtual coordinate space for describing the tasks
to be executed.

If the position-control axis and the force-control axis have a geometric relationship (e. g. a hybrid
controller in work space [75] or a grasping and manipulating control [109-113]), the direct kinematics

(coordinate transformation) from the workspace to the modal space with respect to the position, velocity
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and acceleration is given as
. -Xl‘eb_ .
X' = || = GXW) (4.3)
] Xres' )

X = [Tk =Xy (4.4)
_XX -

«~res XrFeS «~res ° ~-r€es

X = |ores| =TXy +T Xy, (4.5)
_XX -

where subscript W represent a work space. The workspace coordinate system is transformed to the modal
space coordinate system using a modal transformation matrix I'. This is a type of Jacobian matrix. The
coordinate transformation of the force information is defined by considering the principle of virtual work

as follows:
Fext — ext ext T —_ F—TFext 4.6
F& FY W (4.6)

In this case, the task (coordinate system) of the force control system is constrained by the geometric
relationship G(e) or I'. Therefore the task (coordinate system) of the force control system itself cannot
be determined by a designer.

On the other hand, in the case of hybrid controller without kinematic constraint between the force and
position control system (e. g. bilateral control including scaled bilateral control [26, 78, 80]), the task
(coordinate system) of the force control system can be determined. In the case of bilateral control, the

position control task (coordinate transformation for position control task) is described as
XX = Gx(XW) 4.7

where G x () represents a direct kinematics. If the coordinate transformation is linear, the coordinate

transformation is rewritten as

Xres
X = |o 1]rxXiF = o I [ XF] 48)
XX

where I' y represent a transformation matrix for the position control system. Here, XX} is not used for
the controller. If the desired coordinate transformation for the force control system is also linear, the task
for force control can be described as

Fext
FX
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where I' - represent a transformation matrix for the force control system. Here, F'5¢ also is not used for
the controller. The motion equations for the force control and position control are described as follows;

[I 0} TrMyXo = [I 0] T [I 0} TRFS 4 [I 0] Tr My JaoXhr (4.10)

c-1es

[0 I} Ty My X = [0 I] Ty Fief — [0 I} Ty FSt + [0 I} Ty My JaoX o @.11)

where My, and J .., represent an equivalent mass matrix in the work space and a Jacobian matrix,

respectively. By adding (4.10) and (4.11), a motion equation for hybrid controller is obtained as

My Xy, =TFS —TFS + TMy Jao X1y (4.12)
TMy T X™ = Frf — F™ L DMy J e Xy - (4.13)

According to (4.10), (4.11) and (4.13), the coordinate transformation for the hybrid control system is
defined as

X' = I'XyW (4.14)

F = TI'Fy (4.15)
I0 00

r={I-ST STx = r r 4.16

( )Tp+ ST [0 ol TFt 1o 7| Tx (4.16)

where S is a selection matrix for the position control system. Differently form (4.6), the transformation
of the force control system in (4.15) is described by using the same transformation matrix as the position
control system. In other words, the designer should set the both transformation matrices as the same
structure. By considering the motion equation, the relationship of coordinate transformation can be
obtained. Additionally, an equivalent mass matrix for the hybrid control system in (4.13) is defined as

follows:
M =TMyT ! 4.17)

In the case of the bilateral control system, the direct kinematics from the workspace to the modal

space is represented as

Xres I I XI‘eS
X = |UF | =GXp) =TXp = ml (4.18)
X' I -1I||X;
The coordinate transformation of the force information is also defined by using the same matrix as below
Fext T I I Fext T
Fot = |" | =TFj' = mel (4.19)
F$ I —1I| |F;
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Fig. 4-1: Block diagram of force/position hybrid controller. (a) Hybrid matrix based method. (b) MDOB
based decoupling controller.

The control goals shown in (4.1) and (4.2) are expressed in the first element of (4.19) and second element
of (4.18). The first element of the modal space (direction of force control) is known as “common mode”
and the second element is known as “differential mode” [46]. The common mode corresponds to a kind
of barycentric position with respect to master and slave systems. The differential mode corresponds to a

relative position of master and slave systems.

4.2.2 Dynamics of Bilateral Control Based on Force Controller

To achieve robust control, we utilize DOBs in the joint space as shown in Fig. 4-1. The motion

equation for the joint space of the manipulators is expressed as follows:

J qres _ Tref _ 7_load _ pext 7_ref _ 7_dis (4.20)

n - - .
7_load — frlc + C( res I‘BS) + Aques - AKtIref (4.21)

where 79 represents the disturbance term including external torque. 7'°*d represents the load torque

fric

excluding the external torque (a friction term 7', and the torque resulting from variations in the param-
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eters AJ G — AKI™"). The disturbance torque is estimated by the DOB, as follows:

7A_dis _ g?iS(s)< ref —J, 82 res) gdls( ) dis (4.22)

7_ref _ Tref++dis (4.23)

n

where 74 and gdlb( ) represent the estimated disturbance torque and a diagonal matrix with low-pass
filters, respectively. gdls( ) is inserted to reduce the noise effect in the differentiation of the position
response. For the force controllers, the torque reference for the joint space 7"°f is given by using a
transpose of the Jacobian matrix, as shown in Fig. 4-1. The dynamics of the joint space with the DOB

are obtained as

anres — Tzef . Tdis — Tref . g%is(S)TdiS — Tref . pdis (424)

where gd‘S( ) is a diagonal matrix with high-pass filters. The cutoff frequency of gd‘S( ) is set to a suffi-
ciently large value, such that the effect of the remaining disturbance, pd**, becomes negligibly small for
dis

the lower frequency components. The higher frequency components of p®** still remain. By transforming

(4.24) using a Jacobian matrix, the dynamics of the workspace are given as

res

J JacoXW - ref + Ind Jacoq - pdis 4.25)

aco

res

My Xy = F3SP 4+ My Jaoq™ — J,Lps (4.26)

My = J.LJ,J-}

aco aco*

4.27)

The non-diagonal elements in My, cause interference in the workspace. In addition, the second term
in (4.26) is a disturbance term caused by the coordinate transformation. The third term is the trans-
formed remaining disturbance. These terms appear as workspace disturbances F%i/s as shown in Fig.
4-1. Here, the DOB in the workspace (WDOB) [21] is introduced to decouple the workspace responses.

The disturbance in the workspace is defined as

res

F{ = Fif — My, Xy (4.28)
= Ja_cj(;pdls + AMWXII“/?/S MWJacoq 4.29)
where M yy,, and A M yy represent the nominal mass matrix and variation from the nominal mass matrix,

respectively. The disturbance in the workspace is obtained by the WDOB through use of a low-pass filter

that suppresses the noise effect GdLiS (s) and is included in the workspace force reference me The
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motion equation for the workspace is given as

My, Xy = Fyf, - Fif = Fiif + GI% (s)F{ — Fiy

Lw

= Fiif — GE (s)Fiy (4.30)

where G%}fy (s) is the high-pass filter resulting from the compensation of the disturbance. From (4.30),
it is found that decoupled control can be realized in the workspace provided My, is set to a diagonal

matrix. The motion equation in the modal space is derived from (4.30), as follows:

M, X" =TF% - TG (s)F® (4.31)

=IT 'F — TG} (s)F=F"" — TG} (s)F* (4.32)
Myp, M

M, =TMy, I 1= | FF FXn (4.33)
Mxp, Mxxn

where M ,, represents an equivalent mass matrix in the modal space. The non-diagonal elements of M,

also cause interference in the modal space (i.e. interference between the force and position control).
4.3 Decoupling Strategies for Bilateral Control

4.3.1 Hybrid Matrix Based Method

This section explains a hybrid control system based on a hybrid matrix. The force and acceleration

references for force and position control are given as

Fi = O (P = ) = =y, Pt =0 434
XY = Cyple) (X0 X7) + XY, x5 = 0 (4.35)

where C'; and C),(s) represent diagonal matrices with force control gains and position controllers, re-
spectively. Here, "indicates an estimated value for the reaction force observer (RFOB) [6], used to obtain
external force information in this chapter. The cutoff frequency of low-pass filter g; (s) in the RFOB
is set to a sufficiently large value. In the decoupling strategy based on the hybrid matrix, the following

relationship between the force and acceleration control references is assumed:

M Xref - M [X-TEeref]T _ Fref _ [FrefFref]T (4 36)
n - n F X - - F+X : .
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. o-ref .
Unknown variables X l;;e and FB?f are obtained as follows:

Myp, 0O X}ef | I—Mpypxn Fit 4.37)
Mxp,—I| | F | |0—Mxxn Xf;?f '
o ref ref ref
X (S F (S] H H F (]
PA=H | | = | 02 e (4.38)
F% Xy HyHa| | Xx
where H is a hybrid matrix [79, 80]
-1 -1
M xpn Mg, Mxxn — Mxpn Mg, Mrxy,

The force references are refined as follows:

Fref Fref Fref
Fi = [Fif] =(I-S)|"F|+8H]|. f’ef] (4.40)
X X
00 0 0
SH = H = “4.41)
or Hy Hy

where S is a selection matrix. From (4.32) and (4.40), the dynamics of the hybrid control system are

described as

My, X5 + Mpx, Xy = Fi<f (4.42)
Mxpn X5 + Mxxn Xy = F3E (4.43)

Here, the remaining disturbances through the high-pass filters are neglected for simplicity. By substi-

tuting (4.42) for Fg?f in (4.40), the motion equation of the position control system (4.43) is rewritten

as
F5' = Hy Fi' +H22X§?f (4.44)
= Mxpo X + MxpnMypt, Mpxo Xy + Hoo X'y (4.45)
= Mxp X5 4+ Mxxn X'y (4.46)
Hoo XY = Hoyp XS, (4.47)

From (4.47), the realization of decoupling control in respect to the position control system can be con-

firmed, as follows:

- res - ref

X =% (4.48)
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The overall dynamics of the hybrid control system based on the hybrid matrix are obtained as

. . ros v ros1T LoAT

My, X = My, [X5° X5 = [ %] (4.49)
Mg, M

My, = [ SF” ;X"] (4.50)

where M1, is the equivalent mass matrix of the hybrid control system based on the hybrid matrix. This
matrix does not become a diagonal matrix. The appearance of a non-diagonal element can be attributed
to the modification restricted to the position control system, as shown in (4.40). The force control system

is affected by the position controller due to the presence of the non-diagonal element, as follows:

):(l;fs _ ME]}‘nFlﬁf - Mil%‘n‘fszxnCP(S)X,r)?S 4.51)
Xx Xﬂ?
Mgt Mexy = (Mo + M) ™ (Mg, — M) . (4.52)

Eq. (4.51) means that interference in the force control direction is present as long as the non-diagonal
elements of the equivalent mass matrix of the hybrid control system are not zeros. Additionally, as the
difference in the masses of the master and slave systems increases, the effect of the interference term
becomes more significant in the case of a bilateral control system. It is found that hybrid control based
on the hybrid matrix is a combination of a force controller (in a force control system) and an acceleration

controller (in a position control system).

4.3.2 Decoupling Control Based on MDOB [81]

To realize decoupling control in the modal space, the following disturbance is estimated by MDOB:

FI = Fret — M, 2 X7 (4.53)
=AM, X " + TMyJ g™ — P (4.54)
pis =g Tpdis (4.55)
M 0
M, = | e : (4.56)
0 MXXnn

The first term in the right side of (4.54) is the inertia force caused by non-diagonal elements and variations
from the nominal values of the equivalent mass matrix. This term gives rise to the interference. The
second term on the right side of (4.54) is a disturbance term caused by the simplification of the inverse

kinematics. The estimated disturbance term is added to the force reference in the modal space, as follows:

F;ef _ FrEf n Fdis _ Fref + G%iS(S)FdiS (457)
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Fig. 4-2: Proposed mode space DOB in acceleration dimension.

where G%is (s) is a diagonal matrix with low-pass filters for suppressing noise effects in the MDOB. If the
equivalent mass matrix is diagonalized (nominalized) and the cutoff frequency of G%is(s) is sufficiently

high, force control and position control are decoupled as
MnaneS _ Fref - G(}}S(S)Fdis _ Fref _ pdisr (4.58)

In this case, all of the reference vectors are unified as force vectors. If the nominal mass matrix in the
modal space M, is inserted in front of F™°f, the equivalent mass matrix is substituted for the arbitrary

virtual mass matrix M ,, as follows:

MnaneS _ MnnM,;lFref _ PdiS/ (4.59)

M, X" = Ff — M, M P (4.60)

Decoupling control is realized when M ,, and M, are fixed to diagonal matrices. The efficacy of this
method relative to the hybrid matrix based method is shown in [81]. However, it is known that the stabil-
ity of the force controllers based on the workspace (modal space) observer depends on the configuration
of the manipulators [21]. This fact implies that the system could become unstable when the system

configuration experiences substantial fluctuations (as in bilateral control cases).
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4.4 Proposed Hybrid Controller for Bilateral Control System

This section shows that the acceleration controller can be extended to the hybrid controller in the
modal space and that the decoupling controller can be realized. Furthermore, a novel disturbance ob-
server in the acceleration dimension for the performance improvement of the hybrid controller is pro-

posed.

4.4.1 Acceleration controller in modal space

An acceleration controller based on a joint space DOB exhibits better performance than a force con-
troller based on WDOB, except for a singular point [21]. Of course, an acceleration controller based on
the joint space DOB can be extended to the modal space controller. The acceleration and torque (force)

references in the joint space are given as

g = T r MR = g e X 4.61)
7_ref — anref (4.62)
~ ext
Fref C (chd _ IﬂeX )
Fref — F f F F (463)

«_cmd

F B?f]_ Cpls) (X9 — X8 + M,x X5

Unlike the force controllers described in Section III, the acceleration reference of the joint space is

derived by using an inverse Jacobian matrix. The dynamics of the modal space are described as follows:

MXreS — I‘J;CTO’Tref + FMWJacoqreS _ Pdis (464)
= MM;'F* + TMyJ oo g — P (4.65)
M = T'My T (4.66)

Because the equivalent mass matrix of modal space M is inserted as a forward gain matrix in front of
the acceleration reference, the effect of the non-diagonal elements is canceled. As a result, the equivalent
matrix is replaced by a virtual mass matrix in modal space M ,. Fundamentally, decoupling control is

realized by setting M, as a diagonal matrix, as follows:

MUX.res _ Fref + MU(FJaCques o MfIPdiS) (467)
sy [ o (m )
M,x X Cy(s) (X — X') + M x X3
MUF 0 : . —1 pdi
T J.coq™™ — M~ P®). 4.68
0 Mo ( q ) (4.68)
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However, this does not eliminate the effects of the disturbance term caused by the simplification of the
inverse kinematics, and the equivalent disturbance through the high-pass filter as shown in the second
term on the right side of (4.68). Furthermore, if we focus on the response of the external force, a kind of
inertial force C’JTlM v FX ;SS affects the response as follows:

~ ext o-res

Fp' = P9 - 7'M X + C; ' Mour [I o] (rjacoqres - M*lpdiS). (4.69)

In the case of the bilateral control, the inertial force in particular behaves as the operational force. If the
force is large, the operator feels heaviness when the manipulator is moved. As a result, the transparency

of the bilateral control is degraded.

4.4.2 A Novel Disturbance Observer in Acceleration Dimension for Performance Im-
provement

To reduce the effects of the remaining disturbance terms, a novel disturbance observer in the accelera-
tion controller is proposed for performance improvement. The following disturbance in the acceleration

dimension can be considered:

dis v 168 7 . res ! Plﬁqad
Af = X7 = [1 o] (Duog™ — M7 |71 (4.70)
X
= M LFE — ppp P 4.71)
A¥ = —[0 1| (Tuoi™ - M~ PH) 4.72)
= M FY' - Xy 4.73)

where p represents the elements of the inverse matrix of the equivalent mass matrix in modal space
M. The disturbances correspond to the remaining disturbances and the inertial force term in (4.69).
This disturbance is not considered by conventional MDOBs, which are not able to eliminate this term.
Unlike the conventional force controller based on MDOB, the decoupling control is fundamentally real-
ized by the acceleration controller; the non-diagonal elements are not included in the disturbance in the
acceleration dimension. Total disturbance in the modal space of the force and position control systems

are described as follows:

dis
Adls — ligs (4.74)
X
_ (I _ S) Xres . Fjacoqres + [M_l _ (I o S) dlag [M_l]] Pdis
+ (I — 8)diag [M '] Pl (4.75)
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Although it is difficult to obtain information regarding the equivalent external force through the HPF

P directory, the term can be calculated as follows:

-1 . ext

Pext GdlS( )Fext Gdls( ) [G%ls(s)] . (476)

By using (4.71), (4.73) and (4.76), the disturbance A% is calculated as

AY = M -SX™ (I - S)diag [M '] P (4.77)
_ XiLef_SXres_(I . S) dlag [Mfl] GF(S)FeXt (478)
Gr(s) = [17 GdLiS(s)} [GdLiS(s)} = Gdis(s) [GdLiS(s)]i (4.79)

Here, diag [M 71] represents the diagonal elements of the inverse matrix of the equivalent mass matrix in
the modal space. As shown in the above equations, the disturbance can be estimated using the reference
value, the position response, and the estimated external force. The disturbance is estimated through LPF

G'3(5) to reduce the noise effect as follows:

AT = gdis(s) A%, (4.80)

The block diagram of the proposed mode space DOB in the acceleration dimension is shown as Fig. 4-2.

The estimated term is added to the acceleration reference, as follows:

ref

X = M = Myt (Fref +M0Adis). 4.81)

n

~ di
By adding A *, the motion equation of the modal space (4.67) can be rewritten as follows:

= X' _ Gy(s)AY — (I — 8) diag[M '] Pt (4.82)

f(Xt] = A lii‘i] —C'Gu(s)A™ (4.83)
A = (1-8)(C;@1(s) + dingl MG (5)) C; + ST (4.84)

c = (I-8) (c G (s) + diag[M’l]G%}s’(s» + 8 (P T+ Cy(s))  (485)
G (s) = TJoeogr(s)daecl (4.86)
G (5) = T o9 (5) el " (4.87)

As a result of the compensation, the high-pass filter matrix G idis(s) is inserted in front of the distur-

bance term A% and the performance is improved relative to (4.67).
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Fig. 4-3: Block diagram of the proposed method.

4.4.3 Modification of Force Control Reference

In order to enhance the stability of the force control system in the proposed method, the force control

reference FS in (4.63) is modified as follows:

~ ext :_Tes
Fiet = Cy(s) (F — Fr') - D) G (5) X7 (4.88)
_ by _ _ [as+ g™
fdd .y _ fdd, .\ _ . S

where GP"(s) is a phase lead compensator (o >1), and D'34(s) and d represent a frequency domain
damping (FDD) [27,28] and its damping coefficient, respectively. The FDD improves the stability of the
force control system in the higher frequency domain. This is especially effective in contact motions. On
the other hand, the damping effect has a small influence on the operationality [26] because the damping
effect does not become active in the lower frequency domain.

Fig. 4-24 shows a block diagram of the proposed method.

4.5 Comparison Analysis

This section presents an analysis of the performance and stability of the proposed and conventional
methods. The parameters used in the analysis are listed in Table 4.1. The parameters of the analysis are

commonly used in the conventional methods and the proposed method.
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Table 4.1: Parameters for analysis of bilateral control systems.

Parameters | Descriptions Value
M mass of actuator 3.8kg
My, mass of actuator 0.228 kg

Ky force control gain 0.6
K, position gain 1100
K, velocity gain 99.5
g bandwidth of DOB and RFOB 300 rad/s
gmM, bandwidth of DOBs in mode space | 64.2 rad/s
gPh! pole of phase compensator 130rad/s
« parameter of phase compensator 3
gfdd bandwidth of FDD 250 rad/s
dr damping coefficient of FDD 80
Ze(s) environmental impedance 3000+30s

4.5.1 Performance Comparison
Comparison based on operationality and reproducibility
The performance of the proposed method is compared to that of the conventional methods from the

view point of the reproducibility and the operationality [26]. The relationship between the position and

force on the master side is given by

Fot = Po(s) X5+ Pr(s) Ze(s) X5 (4.91)
F&™ = 7. X!, (4.92)

Reproducibility P,(s) represents the degree of reproduction of the environmental impedance on the
master side. On the other hand, the operationality P,(s) represents the force required to operate the
master device. The ideal P,(s) and P,(s) are equal to one and zero, respectively. Based on (4.51),
(4.60), (4.67) and (4.82), P,(s), and P,(s) are derived. For simplicity, only one direction is considered
and any nonlinear terms are neglected.

Fig 4-4 compares the gain diagrams for P, (s) and P,(s) with respect to the proposed method, and
a variance in the cutoff frequency of the proposed DOB gy, of 6.4 to 64 rad/s, with the conventional
methods with increased position and force control gains. In the case of the hybrid matrix based method,
P, (s) with a variance in the position gain K, of 1100 to 1800 is shown in Fig. 4-4 (a). On the other hand,

P,(s) with a variance in the force gain Ky of 0.5 to 1.2 is shown in Fig. 4-4 (b). These figures confirm
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Fig. 4-4: Gain diagrams. (a) Reproducibility P, (s). (b) Operationality P,(s).

the performance improvement of the proposal relative to the increased position and force control gains in
theses ranges. Additionally, the performance of the proposed method can be enhanced by increasing the
value of gpz,. As shown in 4-4 (a), it is found that the FDD has less influence on operationality. On the
other hand, the larger dp affects the operationality as shown in 4-4 (b). However, the proposed method
shows better (smaller) operationality than conventional methods with the variation of d in this range.

These results represent the fact that the proposal can improve the reproducibility and operationality while
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Fig. 4-5: Gain diagrams of the proposal and MDOB. (a) P.(s). (b) Pp(s).

maintaining the stability by the FDD.

Fig. 4-5 compares the performance of the proposed method and the MDOB-based method. In this
case, the nominal masses of the MDOB M., and M x,, are varied from 100 to 10% of the actual masses,
Mp and Mx. This variance imitates the variation in the actual mass that depends on the manipulator

configuration. With respect to P,(s), the performances of the MDOB-based method and the proposed
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method are the same level if the nominal mass matrix is set to the actual value. However, the performance
of the MDOB-based method is degraded in accordance with the variation in the nominal mass is the actual
mass is large. On the other hand, P,(s) of the proposed method exhibits a higher level of performance
than that of the MDOB-based method. This is mainly because the suppression of the inertial force in

Adis.
Comparison with the Acceleration Observer [86]

Here, the proposed method is compared with the method based on the acceleration observer [86]
because the method constructs the controller based on the joint space DOBs. The acceleration observer
estimates the compensation value for the common modal space (force control) by using the estimated

acceleration from master and slave sides, as follows:

T
AP = TARP =T [age  Ag] (4.93)
= Gu(s) (X - M LPSt - MIPOY) (4.94)

o ref ~ dis
£ Gi(s) (XF - uFFP%Xt) =AY (4.95)
As shown in the above equations, the compensation value does not correspond to A% as long as the
mass matrices of the master and slave systems are different. The inappropriate compensation thus has

the potential to affect the system performance.

4.5.2 Stability Analysis

The transfer function from the force to the position of the master side is obtained as

X7 B 1 B D(S)
Fost = Po(s) & B3V Zu(s) _ No(s) + No(5)Z(5) (4.96)

where D(s), N,(s), and N,(s) represent the denominator and numerator of P,(s), as well as Py(s),
respectively. Because P,(s) and P,(s) have the same part in denominator D(s), the stability of the
bilateral control is analyzed by using the characteristic equation N,(s) + N;(s)Z(s) =0 [26]. Fig. 4-6
shows the displacements of the dominant poles of the proposed method and the conventional methods.
Fig. 4-6 (a) shows the displacement with a variance in the mass M, of 3.8 to 0.1 kg. All of the poles
related to the proposed method, conventional acceleration controller, and MDOB-based method exist in

the left half plane. The hybrid control based on the hybrid matrix, however, has the potential to become
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unstable if the difference in the mass between the master and slave systems is large, as indicated by the
circles in the figure.

Fig. 4-6 (b) shows the pole displacements with a variance in the gz, from 6.4 to 64 rad/s with respect
to the proposed and MDOB-based methods. Additionally, the pole displacements with a variance in
the nominal mass of Mp,, and Mx,, relative to M, of 100 to 10% of the actual masses M and Mx
MDOB-based method. As indicated by the figure, the proposal will become unstable with increasing the
g, to obtain the better performance. It can be seen that there is a trade-off between the performance
and stability improvement with respect to gps,. It is found that the inclusion of GPM(s) shifts the poles
in the stable direction compared with the proposed method excluding GP"!(s). If the variance in the
actual mass from the nominal value is large, the MDOB-based method becomes unstable. Even if the
bandwidth of the MDOB is set to a smaller value (16 rad/s), the system becomes unstable in accordance

with the increase in the variance of the mass.
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Fig. 4-8: Transition of experimental motions with identical structures. (a) Free motions around configu-
ration A. (b) Contact motion. (c) Free motions far from configuration B.

4.6 Experiments of Bilateral Control with Identical Structure and Differ-
ent Structure

4.6.1 Experimental Setup of MDOF Bilateral Control

To confirm the validity of the proposal, experiments using the bilateral control systems with identical
structures and different structures were conducted. As a master system, a 2-DOF prismatic joint robot
(X-Y plane) consisting of two linear motors was utilized. The slave system was a serial-link 2-DOF
manipulator. Serial-link 2-DOF manipulators are used for the experiments of the bilateral control system
with identical structures to confirm the influence of the variation of equivalent mass. As shown in Fig.

4-8, free motions around configuration A, contact motions, and free motions far from configuration B
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Fig. 4-9: Transition of experimental motions with different structures. (a) Contact in x direction around
configuration A. (b) Contact in y direction around configuration A. (c) Contact in y direction around
configuration B. (d) Contact in x direction around configuration B. (e) Contact to stator coil from slave
side.

are performed. In the experiments with different structures, motions involving contact with an aluminum
plate and frame were performed from the master side, and motions involving contact with a stator coil
were performed from the slave side, were performed, as shown in Fig. 4-9. Additionally, experiments us-
ing a conventional acceleration controller, MDOB-based method and the proposed method were carried
out, with only the free motions being performed. To confirm the effect of the value of the nominal mass,
the diagonal elements of the nominal masses of the serial link 2-DOF manipulator were changed. We
tested the following two cases, which relate to the configurations shown in Fig. 4-7, in the experiments
relating to the hybrid matrix based method and the MDOB-based method.

1) Case 1: MA  =223kg, M2 =3.40kg (config. A)

xxn yyn
2) Case 2: M5, =0.41kg, M5, =3.11kg (config. B).

To adjust the difference in the initial positions of the end effectors with different structure, a position con-
trol command is added as X B(md = — X 49. Table 4.2 lists the experimental parameters for the identical
structures. Table 4.3 lists the experimental parameters for the different structures. The other parameters
used in the experiments with the different structures were the same as those used in the experiments for

the identical structures, and are listed in Table 4.2. The parameters of the experiments are commonly

used in the conventional methods and the proposed method. The other parameters were the same as those
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Table 4.2: Experimental parameters with same structure

Parameter | Description Value
T sampling time 0.2 ms
MA, nominal mass of slave systemin case 1 | 2.23 kg
M}‘,‘;n nominal mass of slave system incase 1 | 3.40 kg
MB nominal mass of slave system incase 2 | 0.41 kg
MyE;n nominal mass of slave system in case 2 | 3.11 kg
JIn inertia of rotary motor 2.88 gm?
l length of link 0.15m
mi mass of link 1 2 kg
ma mass of link 2 0.1 kg
g, bandwidth of DOBs in mode space 19.3 rad/s
gPH! pole of phase compensator 50rad/s
« parameter of phase compensator 2
dp damping coefficient of FDD (x and y) 200
gfd bandwidth of FDD (x and y) 50 rad/s
q1(0) initial angle of joint 1 0 rad
q2(0) initial angle of joint 2 /3 rad

Table 4.3: Experimental parameters with different structure

Parameter | Description Value
T sampling time 0.2 ms
M1 nominal mass of master system 1 (x) 3.8kg
M2 nominal mass of master system 2 (y) 0.3 kg
GWz bandwidth of WDOB (x) 64 rad/s
IM bandwidth of DOBs in mode space (x) 64 rad/s
Iwy bandwidth of WDOB (x) 32 rad/s
IMyy bandwidth of DOBs in mode space (y) 32 rad/s
gghl pole of phase compensator (x) 130rad/s
g{jhl pole of phase compensator (y) 80rad/s
Oz, Oy parameter of phase compensator (x and y) 3
drsz ,dp; | damping coefficient of FDD (x and y) 80
gt gfd | bandwidth of FDD (x and y) 250 rad/s

used in the analysis, and are listed in Table 4.1.
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4.6.2 Experimental Results for Identical Structures

Fig. 4-10 shows the experimental results of the bilateral control based on the MDOB with the identical
structure. The position responses include an offset of 0.12 m. Fig. 4-10 (a) shows the position and force
responses of the MDOB-based method in case 1. Here, the position control gain is reduced to 67s 4 500
because the higher gain (99.5s + 1100) is too oscillatory in nature to maintain the motions. As shown
in the shaded area (A), where free motions are performed around configuration A, and shaded area (B),
the system maintains stable motions. In shaded area (C) of Fig. 4-10 (a), however, unstable response
results from variation of the equivalent mass because the configuration around the area is largely varied.
As shown in Fig. 4-10 (b), the system oscillates and stable free/contact motion cannot be achieved in
shaded areas (A) and (B), in which the configuration is far from configuration (B). Additionally, the
oscillating responses are found in shaded area (C) of Fig. 4-10 (b) because of the variation in the mass
from that of configuration (B). From these results, it is confirmed that the responses of the MDOB-based
method become oscillatory and stable free/contact motions cannot be realized when the variation of the
manipulator configuration is large (the variation of the mass from nominal value is large). On the other
hand, the proposed method can achieve the free/contact motions with stability even if the variation of the
manipulator configuration is large, as shown in Fig. 4-11.

The results indicate that the MDOB-based method is difficult to effectively apply for motions having
wide working ranges. On the other hand, the proposed method can be applied to tasks for which the

MDOB-based method cannot maintain stable motion.
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4.6.3 Experimental Results for Different Structures

Force Controllers Based on the Hybrid Matrix and MDOB

Figs. 4-12 to 4-20 show the results of the bilateral control system experiments having different struc-
tures. The shaded areas (A), (B), (C), (D) and (E) correspond to the motions described in Figs. 4-9 (a),
(b), (c), (d) and (e), respectively. The upper figures and lower figures correspond to the results of case
1 and the case 2, respectively. The responses of position include an offset of 0.12 m. Fig. 4-12 shows
the results of the hybrid matrix-based method. The contact motions become oscillating because of the
interference in the force control system as shown by (4.51). The contact motion in case 2 becomes more
oscillatory as indicated by Fig. 4-12 (b) because the difference between the master and slave masses
is larger than that of case 1 with regard to the x-axis as shown in Fig. 4-12 (a). This is because the
interference term becomes larger with increasing difference in the masses. As a result, the interference
in the contact motion given by (4.51) has a more profound effect. Additionally, the responses in (E) are
more oscillatory than that of (B) and (C) with respect to the y-axis. This result indicates the bilateral
control achieved using the hybrid matrix-based method does not have a symmetric property.

Figs. 4-13 and 4-14 show the results of the MDOB based-method with higher and lower position
control gains, respectively. The responses in Fig. 4-13 are vibrating. As shown by the figures, the
vibrational phenomena are reduced in Fig. 4-14 compared to Fig. 4-13, but still exist. With respect
to case 1, the contact motions shown in (C) and (D) of Fig. 4-14 become more vibratory than (A) and
(B) of Fig. 4-14 because the equivalent masses around (C) and (B) are varied from the nominal mass
(configuration A). Similarly, the response (A) of Fig. 4-14 in case 2 is more vibratory than that of (D) in
Fig. 4-14 because the nominal mass of around (D) is close to the equivalent mass. In all of these cases,

stable contact motions are difficult to attain using the MDOB-based method.
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Fig. 4-12: Experimental results of the hybrid matrix based force controller. (a) Case 1. (b) Case 2.
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Fig. 4-15: Experimental results. (a) Acceleration observer. (b) Normal acceleration controller (conven-

tional).
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Conventional Acceleration Controller and the Proposed Method

Figs. 4-15 (a) and (b) show the results of the experiments on the acceleration observer combining
the FDD and normal acceleration controllers, respectively. Fig. 4-16 shows the results of the experi-
ments using the proposed method. The oscillatory responses, which can be found in the results of hybrid
matrix-based method, do not exist in the figures. These results confirm that the acceleration controller
can also achieve decoupling control. Fig. 4-17 shows the force responses in the shaded areas (C) and
(D). The left side of Fig. 4-17 shows the force responses of (D) with respect to the x-axis and the signs
of the force responses are inverted. The right side of Fig. 4-17 shows the force responses of (C) with
respect to the y-axis. If Figs. 4-15 (a) and (b) and (c) are compared, the response of the method based
on the acceleration observer is relatively oscillatory in (C). The force response of the acceleration ob-
server has an impulsive force in the beginning of the contact motion. This phenomenon is presumed to
be the effect of neglect about modal space dynamics as shown in section 4.5.1. On the other hand, the

proposed method can realize contact motions without such an impulsive force compared to the accelera-
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(c) Proposed method.
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Fig. 4-18: Error comparison of acceleration observer (conventional) and the proposed method in (C) and
(D). (a) Force error. (b) Position error.

tion observer-based method. Figs. 4-18 and 4-19 show the error comparison of the conventional methods
(i.e. acceleration observer-based method and the normal acceleration observer) and the proposed method.
The convergence of the force responses in the proposed method is better than those in the acceleration
observer-based and the normal acceleration controller (conventional) methods, as shown in Figs. 4-18
(a) and 4-19 (a). Figs. 4-18 and 4-19 show that position tracking performance is also improved using the
proposed method. Table 4.4 shows the root mean square error (RMSE) and maximum values of force
and position tracking errors and their improvement ratios for the shaded areas (C) and (D). The table
shows the proposed method improves the tracking performance over 60% in most cases. As a result, a

higher reproducibility (transparency) of the bilateral control system is obtained by the proposed method.

-162 -



CHAPTER 4 PERFORMANCE ENHANCEMENT OF POSITION/FORCE HYBRID CONTROL

FOR MOTION EXTRACTION

3 T T T T T ; T T

proposed method 4 |

2t o . i i
PRI Y |11 }5 Z 2

‘\. i | f { i 5 I
= I’ LA L ) " L
8- RN Wl Vo

soff 1 W Low A s ,
s i { A & L

3l ! ' ' V acceleration con.

| acceleration con. | -4 ]

4725 13 135 14 145 15 155 16 165 8 85 9 905 10 105 11 115 12

Time [s] Time [s]
(a)

20— 1.0 —
_ 157 ] o8 d method [Y]-
g = proposed method i g0 proposed metho ]
£ 10} i1 E &
= =
]

&

]

= =

8 8

o -‘,".,,_,-' R o : ;
~ Vi 0.6 v

Lo v acceleration con. 08 acceleration con.

125 13 135 14 145 15 155 16 165 ° 8 85 9 95 10 105 11 115 12
Time [s] Time [s]
(b)

Fig. 4-19: Error comparison of normal acceleration controller (conventional) and the proposed method

in (C) and (D). (a) Force error. (b) Position error.

Table 4.4: RMSE and maximum values of force and position errors in contact motions and improvement

ratios
Proposal  Acceleration observer Normal acceleration controller
RMSE x (N) 0.391 0.954 (59.03%) 1.050 (62.74%)
MAX x (N) 1.456 6.103 (76.14%) 2.361 (38.30%)
RMSE y (N) 0.802 3.171 (74.71%) 1.661 (51.72%)
MAX y (N) 9.997 38.84 (74.26%) 24.75 (59.61%)
RMSE x (mm) | 0.115 0.446 (74.29%) 0.530 (78.35%)
MAX x (mm) 0.406 1.517 (73.26%) 1.519 (73.29%)
RMSEy (mm) | 0.117 0.315 (62.89%) 0.328 (64.39%)
MAX y (mm) 0.281 0.732 (61.55%) 0.869 (67.61%)

-163 -



CHAPTER 4 PERFORMANCE ENHANCEMENT OF POSITION/FORCE HYBRID CONTROL

FOR MOTION EXTRACTION
0.22 prop_qsed method MDOB based force con. 7
E 02 £, d:. . o |
£ 0.18 /

A~ 0.161 A AV
0.14 . , . acceleration con. ‘. / .
70 1 2 3 4 5 6 7 8 9
Time [s]

‘accelerat

MDOB b'ased force con. i

i

Force [N]
Ao —pwan

ion con. proposed method
1 2 3 4 5
Time [s]

6 7 8 9

Fig. 4-20: Experimental results of free motion.

Table 4.5: RMSE and maximum values of operational force and position tracking error in free motions

Proposal MDOB Normal acceleration controller

RMSE (N)
MAX (N)
RMSE (mm)
MAX (mm)

0.569 1.106 (48.52%)
1.775 2.750 (35.46%)
0.0172  0.0532(67.57%)
0.0853  0.153 (44.31%)

1.340 (57.54%)
3.080 (42.37%)
0.0344 (49.94%)
0.259 (67.09%)

Experimental Results of Free motion

Fig. 4-20 shows the additional experimental results related to the free motion of the normal accel-

eration controller, MDOB based-method, and the proposed method. In this experiment, the operator

moves the master system quickly. As shown in the force response in Fig. 4-20, the proposed method

achieves a reduction in the operational force, relative to the normal acceleration controller and MDOB-

based method. This is the effect of the suppression of the inertial force shown in (4.70). Table 4.5 shows

the RMSE and maximum values of the operational forces and position tracking errors. The table shows

that the proposed method suppresses the operational force much more than the other method. The results

indicate that the operationality of the bilateral control system is improved by the proposed method.

These results confirm the validity of the proposed method.
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4.7 Extension to Redundant Systems and Combination with KFSOs

This part proposes a method for simultaneous implementation of performance improvement, decou-
pling of null space and suppression of the noise effect for a hybrid control system with a redundant degree
of freedom (RDOF). Hybrid control systems with RDOF are necessary for motion control systems to
achieve future applications for human support systems and robots in unknown and open environments. It
is shown that the acceleration controller also performs decoupling of task (mode) spaces in the redundant
system [97]. By extending the disturbance observer (DOB) for hybrid controllers to redundant systems,
this study achieves the suppression of operating (inertia) force and interference from null space with the
simplification of inverse kinematics [97]. Furthermore, the reconstruction of the DOB by combination
with a Kalman filter is proposed in order to suppress the noise effect. Experiments of the scaled bilateral
control, which is one of the hybrid control systems for the master and slave systems with RDOF, are

conducted to validate the proposed method.

4.8 Kinematics and Dynamics of Hybrid Controller for Redundant Sys-
tem

4.8.1 Kinematics of Hybrid Controller for Redundant System

In general hybrid control systems, the tasks of hybrid control, including subtasks in modal space are

described as follows:

FP = G (FR - Fiy) = F (4.97)
Fin = Gron (Fiftaw + Fifan) = Fiob (4.98)
X = Gx (Xi o Xip) = X9 (4.99)
Vo = Gt (X Xl = X8, (4.100)

where the subscript sub represent a direction for subtasks. The kinematic relationships between work

space and mode space are described as:

X
Xres — %‘essub — G (XS 4.101
- xres - ( W) ( 10 )

X

Xg?zub
_ Gx< S X XS gjvcsksub) (4.102)
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If the relationship is linear, the coordinate transformation can be expressed by a transformation matrix as

follows:
_ XI{/?/SI -
X5 YF1 Yr2 o VFk
xres _ 1}*_'essub _ 0Gx (XI{/IE/S’) _ YFisub YF2sub " Y Fksub Wj (4.103)
X OXy Tx1 TYx2 0 VXk Wisub
XB?Zub YX1sub YX2sub Y Xksub :
_Xl{/?/sksub_
= X (4.104)

where I' corresponds to a Jacobian matrix of the hybrid control.
The relationship between the modal space velocity/acceleration and the joint space angular veloc-

ity/acceleration are described as follows:

X' — TGy (qreS) (4.105)
X _r T o™ (4.106)
Xres _ FJacoqres + Fjacoqres‘ (4.107)

An inverse transformation of the acceleration from the modal space to the joint space is obtained as
g = Ji ! [X _ rjacoq} (4.108)

where J T

aco 18 a pseudo inverse Jacobian matrix in the work space and is described as follows:

—1
Jhe = Jho (Jacodbeo) - (4.109)

On the other hand, the transformation originates a joint torque to the modal space force, which is ex-

pressed as follows:

F = TpFy=0Fy =0J'r (4.110)

aco " *

The position transformation matrix I'  can be determined by considering desired tasks arbitrarily. This
dissertation utilizes the same transformation matrix as the position transformation. The control goals

of bilateral control with different-degree-of-freedom are described in terms of the position and force
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responses of the master and slave systems, as follows:

F' = F'+ aF ™ =F! =0 (4.111)
Fisw = Filw = Fb (4.112)
X = X;®-pX"=X¢=0 (4.113)
Ko = XXoup = X0 (4.114)

Herein, the degrees of freedom in the slave side are assumed to be larger than those of master side. Eq.
(4.111) represents the realization of haptic feedback (law of action and reaction) between the master
and slave systems. On the other hand, (4.113) represents the position tracking of the master and slave
systems. These control goals are achieved by the application of force control and position control.
Therefore, a bilateral control system can be regarded as being a force-position hybrid control system
[79-81]. In order to describe and realize hybrid control, the force and position information of the master
and slave systems is transformed in the modal space. The direct kinematics (coordinate transformation)

from the workspace to the modal space is represented as:

I0 o 0] [ X

XI“GS 0 I 0 0 res
X = |UF | =GX) =TXip = Fssub (4.115)
X% I0-BI0|| X}

00 0 1 B?isub

where T is the coordinate transformation matrix for bilateral control. The coordinate transformation of

the force information is also defined by using the same matrix as below:

Fext Fext
F> = | F | =TF3'=T| " |. (4.116)
FX Fs

4.8.2 Dynamics of Hybrid Controller

Motion equation with joint space DOBs are expressed as follows:

g™ = 7 — gfis(s)rdis = pte @.117)
Tdis — Text + Tfric +C (q7 q) + Aques . AKtIref (4118)
— qext + Jload (4.119)

where g%1%(s) is a diagonal matrix with high-pass filters. The cutoff frequency in g, (s) is set to a

sufficiently large value, such that the effect of the remaining disturbance p?® become negligible. By
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using the Jacobian matrix, (4.117) is transformed and the dynamics in the workspace are given as:

JITJ I X = TP My aeo@™ — T pdis (4.120)
My Xy = Fif 4+ My Jaod™ — P 4.121)

_ -1
My = (Jacod ' Jlo) - (4.122)

where My is an equivalent mass matrix in the workspace.
Furthermore, by using the transformation matrix I', the dynamics of hybrid control in modal space are

obtained as:

TMy T X = DF + TMyJ oo™ — TP (4.123)
MX™ = F* { TMy Jaog™® — P (4.124)
M = I'MyT % (4.125)

If the joint space torque reference is given by the following equation, the modal space equivalent mass

M is substituted by a virtual mass matrix M ,,.

el = T = T JE DM = g, g T (4.126)

aco aco

The modal space dynamics are derived as follows:

MX'™ = DT T, T D M P T My J oo™ — TT;Tp™  @4.127)
MXres = MFrEf + I‘MWjacoqres - I‘J;_cjt;pdis (4128)
M_lMXres _ M_lMMglFref + M_lrMWjacoqres — M—1Pdis (4.129)
M, X" = F* 4 M,TJo00q™ — MM~ P (4.130)

If the virtual mass matrix is set to a diagonal matrix, the decoupling control in modal space is achieved.
Additionally, if the virtual mass matrix is set to an identity matrix, the modal space controller becomes

an acceleration controller:

s 4.131)

< cmd

Fref — !F%gf] MopCy (F%ﬂld B Fii(t)
M,xCp(s) (X4 = X5°) + M, X x
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4.8.3 Effect of Null Space Motion

In order to determine tasks of null space motions, control references of the null space should be added
to the joint space reference. If the null space acceleration reference ijffufn is directly added to (4.126), the

modal space dynamics is rewritten as follows:

MX™ = TILT, (TD ™ M P 4 G5l ) + DMy Jaeod™ — DT p™ (4132)
Meres = Fref + MUFJaCOQfl?JfH + Mvrjacoqres - MUM_IPdiS (4133)
qref — J;-COF—IMJIFI‘ef + ql;ﬁlfll (4134)

The second term in (4.133) represents the interference term from null space in modal space. On the other
hand, the third term in (4.133) is a disturbance term caused by coordinate transformation. Although the
third term in (4.133) can be suppressed by setting the bandwidth of DOBs to be sufficiently high, the

second and third terms cannot be suppressed .

4.8.4 Modal Space Observer for Simplification of Inverse Kinematics

In order to suppress the second and third terms in (4.133), the work space observer [84] in acceleration
controller should be extended to the modal space control scheme, for simplification of the inverse kine-
matics. A disturbance of the redundant system in the modal space hybrid controller based on acceleration

controller F48 is described as follows:
Fdis —  pref _ MUXreS (4.135)

— _M, (rJacoq;‘;fn i rjmqf%) . (4.136)

. . . . . o-dis .
The disturbance in the acceleration dimension X  is expressed as follows:

- dis

X" = MFef - X (4.137)
- X ox (4.138)
= T Jacod™ ) — T acod™. (4.139)

The disturbance is estimated by the disturbance observer in modal space as follows:
Xdis — gdis ) [Xref — X} . (4.140)

A block diagram of the DOB in modal space is shown in Fig. 4-21. This is an extension of the WDOB

[84] to the modal space. By feeding back the estimated disturbance, the disturbance in modal space is
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T hull
n — ++ T;:Lef XI'eS
JnJ aeol ’ = Master system
dis | and Slave system
| T__ |with DOB and RFOB
< _res :
X [
s? -
DOB in mode space :
for simplification :
of inverse kinematics :

Fig. 4-21: Work space disturbance observer for simplification of inverse kinematics.

suppressed if the bandwidth of the G$5(5) is sufficiently high, as follows:

M, X" = Fref ¢ pdis — pref | pg xdis g, (4.141)
= P MOGHE(s) (Dol + T o™ ) 4142
~ Fref (4.143)

In this case, the acceleration reference in the joint space is expressed as below:

A N (X oy idis) + o (4.144)
= Ji. ot (Xref — T J o™ — Fjacoqres) +ath (4.145)
= J;rcorflxref — Jaco@" + @ran — I o acoin (4.146)
= TP (X = Taod™) + (I = ThooTaco) ity (4.147)

Equation (4.147) represents that the simplification of the inverse kinematics and decoupling of the null
space in modal space (calculation of the nonlinear term caused by coordinate transformation TJ acoq™

and null space projection matrix I — J_J .., can be accomplished by the MDOB).

aco
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4.8.5 Effect of Inertia Force in Force Control System
The response of the force control system is expressed as below:
F?(t = F%nd — C;lMUFX;SS
7 T
+C;' M5 H G (5) (DT acotim + T acod™) - (4.148)

Although the disturbance terms are suppressed by DOBs, the effect of an inertia force remains as shown

in the second term in the right side of (4.148).

4.9 Proposed DOB for Hybrid Controller in Redundant System

In order to obtain a simplification of inverse kinematics by decoupling the effect of the null space
motion and suppressing the inertia force term, the mode space disturbance observer for hybrid controller

in acceleration controller can also be applied on the redundant system.

4.9.1 Estimation and Compensation of Modal Space Disturbance in Hybrid Control Sys-
tem

The disturbance of the hybrid controller in the redundant system is expressed as follows:
Adis = (I — S) Xres — I‘Jacoq;?lf]] — Fjacoqres
+[M™ — (I - 8)diag [M']] P¥ + (I — ) diag [M ] P, (4.149)

In addition to the inertia force, the disturbance caused by simplification of inverse kinematics and the

interference from the null space are included. The disturbance is estimated as follows:

A% = qdis(s) [Xjff — SX™ (I - 8)diag [M~!] Gp(s)fre’ﬂ (4.150)
Gr(s) = TJIL [T —gP(s)] [P (s)] " JL, ! (4.151)

— TJ Lg% (s) [gP(s)] I DL (4.152)

aco

Fig. 4-22 shows a block diagram of the proposed DOB for hybrid controller in redundant system. If the

disturbance is compensated, the force and position responses are expressed as follows:

SXres _ Xrof B G(}}S(S)Adis (4153)
F Pt O MG ()X | | F 4.154
XB?S Xg(md - 0 - X%nd . ( ' )
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'—>3\>_ Jnd 5ol Master system
S | O | R 4is |and Slave system Fext
: [ Jr. pext} : T___|with DOB and RFOB

Pext
diag [Mfl] ——Gr(s)

EI<

. E
{}Mode space DOB for acceleration based hybrid control :

Fig. 4-22: Proposed DOB for Hybrid Controller in Redundant System.

As shown in (4.154), the nonlinear term, the interference from the null space and the inertia force are
suppressed if the bandwidth of G%is(s) is set to be sufficiently high. The proposed observer can also

perform the simplification of the inverse kinematics and decoupling of the null space in modal space as

follows:
o ~ di
Gt = T (X AT+ ahy (4.155)
et w
= J;_COF X - Jacoq™ — J:coJacoqneufll + qn?lfll (4.156)
_ .. ref . . .
— JiT! (Xre B FJaCqueS> + (I = TfoTaco) @8- (4.157)

By using the proposed DOB, we are not only suppressing the inertia force but also performing simpli-
fication of the inverse kinematics and the decoupling of the null space motion in the modal space, as
well.

In order to improve the stability of the force control system, frequency domain damping (FDD) is used
also in the redundant system. The controller in modal space is given by adding the frequency domain

damping D4 () [28] as follows:

. ref . _ref ~ dis XrFe’lfl
Xn = X + A = | s ref (4158)
Xn
Cy (P — ") ~ D)X} [A?S] (4.159)
— ) <-cmd 3 di ‘
Cp(s) (X = X¥) + M, Xy Ax
D(s) = drGif(s). e
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In the lower frequency domain where FDD does not affect the force control system, (4.154) is established.

4.9.2 Comparison to Acceleration Observer [86]

As a method for suppressing the inertia force (operational force) in the bilateral control system, an
acceleration observer based method [86] is proposed. The acceleration observer uses independently
estimated accelerations in the master and slave systems. The estimated accelerations in the work space
of the master and slave system are described as follows:

- ref

Xt = Gaee(s) [ Xy — diag [My;!] Pi|. (4.161)

The estimated acceleration is transformed to modal space as follows:

e~ { I 0} X, (4.162)
= Xy, + Xy, — diag [My), ] P, — adiag [ML] P, (4.163)
L a0 (4.164)

As shown in the above equations, the estimated term X % does not correspond to A%S This explains
why it is difficult for the acceleration observer to compensate the inertia force and to realize simplification

of inverse kinematics and decoupling null space motions in modal space.

4.9.3 Null Space Controller

For the null space controller, a term for maximizing the manipulability of a manipulator is added

[101,114,115]. The control input is determined as follows:

aV qres
Konull aéres ) (4165)
where K, is the proportional gain and V' (¢"*) is the manipulability which is expressed as:
V (q"®) = y/det (Jacod Leo)- (4.166)

In addition to the term for manipulability, the position controller, velocity and external torque terms are
added for the null space acceleration reference. The resulting acceleration reference of the null space is
given as follows:

oV (qres)
8qres

.- ref

Gnun = Konun + Kpnun (‘Iﬁﬁll(li - qres> — Kyl q"® — K ppam™™'.  (4.167)
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4.10 Proposed Hybrid Controller Based on KFSO.

In order to suppress noise effects, the Kalman filter based state observer (KFSO) [65] is introduced

and a substitution of Kalman filters for conventional DOBs are considered in this part.

4.10.1 State Estimation Based on Kalman Filter

A discrete dynamics model of a joint actuator can be formulated in the state-space form as:

Z(k+1) = AyZ(k)+ Bgu(k) +v(k) (4.168)
= [qres(k) qres(k) Tdis(k)} (4.169)
y(k) = c¢Z(k)+w(k) (4.170)
u(k) = 7 (4.171)
where
T? T? -
Ai=1y 1 L |, Bi=|L |,e=|0]| . (4.172)
Jn Jn 0
00 1 0

Based on (4.168), a Kalman filter is constructed. A Predicted (a priori) state estimate and predicted (a

priori) estimate error covariance matrix are given as follows:

Z (k) = AyZ(k—1)+Bgu(k —1) (4.173)
o . T

= [a=) Ga=) 75w (4.174)

P (k) = AP(k— 1AL +Q. (4.175)

The Kalman filter gain matrix Gy (k) is calculated as
Gii(k) = P~ (k)T (cP~(k)ef +R)7L. (4.176)

The estimated (a posteriori) state vector and the (a posteriori) error matrix covariance matrix are updated

by an actual measurement y (k) of motion sensors at every sampling instant as follows:

Z(k) = Z~ (k) + Gu(k) (y(k)—cZ_(k)) (4.177)
= [ae) G #Em)] @178)
P(k) = (I - Gy(k)e)P (k). (4.179)
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The estimated (a posteriori) state variables are used for the hybrid control systems. The joint space
angle vector, angular velocity vector and external/disturbance torque vectors are expressed by using the

estimated variables as follows:

af = |aak) o dig k)] (180

2 res [ 2res “res 17

qi = _qlkf(k> qikf(k>_ (4.181)
_ T

= ) A (4.182)

~ dis [ ~dis Cdis ] -

Tk = |The(k) - Tikf(k) . (4.183)

The vectors composed by the estimated variables are transformed by using transformation matrices I' as

follows:

o res

£ — ra g (4.184)
XI5 = Tl (189
Fi}it _ FFFext _ rFext _ I\J;rczf.ﬁ)fit. (4.]86)

The equivalent disturbance through the high pass filter is expressed as follows:

~ ext ~ ext

P = Gri(2)Fy (4.187)
Gris(z) = DILD[I - git(2)] [g5t(2)] " I L0 (4.188)
= TJ;Dgat(2) (g5 (2)]) ' I LI (4.189)

= TJ 0 gr(2) T T (4.190)

. . . . ~ext . .
The information of the equivalent disturbance Pi)f( is necessary for constructing the proposed DOB for
the hybrid controller. However, the actual information of g§3%(z) and g§i:(z) that is needed to calculate

]?A’f(}(t is difficult to obtain in the case of the Kalman filter.

4.10.2 Implementation of Proposed DOB in Mode Space with Joint Space KFSO

As shown in (4.189),LPF for joint space disturbance estimation and the resulting HPF for disturbance
compensation are required for the proposed DOB in mode space. However, it is difficult to directly
obtain the LPF and HPF from KFSO. Therefore, this dissertation uses the steady state Kalman filter as a
substitute for the LPF and HPF of KFSO.
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In order to obtain the steady state Kalman gain, the following Algebraic Riccati Equation (ARE) [105]
should be solved:

P-A, [P — P (P +R) cP} AT 1 Q. (4.191)
By using the solution of ARE P, the steady state Kalman gain Gy is obtained as follows:
Gat = Pc’ (cPc’ +R). (4.192)

By using Gy, the estimated state by the steady state Kalman filter is derived from (4.173) and (4.177)

as follows:

~

Zas(2) = [I— (I Gase) Agz™"] " [Gary(2) + (I — Gure) Agz"tu(2)] . (4.193)

From (4.193), a steady state Kalman filter for disturbance estimation gfx%(z) is derived as

ext
~ext ny kf(z) xt xt Xt
T = dgﬁ(z) = gk (2) 7 (4.194)

where n§3%(z) and d5%(z) represent a numerator and denominator of the steady state Kalman filter,

respectively. An equivalent high-pass filter of the disturbance suppression g5\, (z)is derived as follows:

dext( ) _ next ( ) next ( )
ext = 1= ext — skf Iskf \ 2 — hskf \Z 4.195
Iheks (%) [1 - gike(2)] DS (2) 4ot () ( )

where Nf}sskf(z) represents a numerator of the high-pass filter.

By using the low-pass filter and high-pass filter of the steady state Kalman filter, the approximated
equivalent disturbance in the joint space pf is obtained as follows:

. gext 2) . next 2) .
st = D g M B) e oyt (4,196
or (2) 25 ( )

By considering a bilinear transform, p&f can be also described as

ﬁext 2z2-1 ﬁz);kf(z) Aext 2z-1
T2+ 1R (2) [ TR |

——— grat (2) 7 (4.197)

where e represent variables from which elements of the differentiation are removed. In order to construct

the proposed DOB in force control system based on Kalman filter, a new variable X is defined as

A = Gpa(2) 7. (4.198)
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The vectors of the equivalent disturbance and the integrated variable in joint space are expressed as

follows:
. 2 z2—-1 <
P = 7 g9k ()[R ()] A (4.199)
1. .
= npde(2) [nlskf(z)] i = graa(2) T (4.200)
cext ~ ex ~ ex 1 .
A = P (2) [ (2)] i = Iraa(2) T (4.201)

where nextgr is a diagonal elements with numerators of g;q¢(2) and g;q.¢. The vectors are transformed

to the modal space as follows:

~ ext 2 z—1 - ~ ext
Pyr = T2+ 1FJ$;€9Fskf( EO SO e (4.202)
2 z— ext
= T T 1GFSkf( )ka (4.203)
~ ext ext
Askf = FJacongkf( )JacoF lF (4204)
~ Xt
= Gpoi(2)Fy; . (4.205)

. xext
By using A:Ef, the mode space observer based on Kalman filter for the force control can be constructed.

The state space equation in the force control system is expressed as follows:

Zp(t) = ApZp(t) + BrUp(t) + vp (4.206)
- ex AT

Zp(t) = [HFFAF;M Adls} 4.207)

Zr() = [upe P A‘}ﬂ (4.208)

Urt) = X3 (4.209)

YF(t) = cFZF(t)—l—wF (4.210)

where
0 —I I ae
Ap=|_ Br = = . 4211
[ e 1] [2] s

In the above state space equation, the disturbance model is defined as

di
A = vl 4.212)

Through the Kalman filtering process, the estimated value is obtained as:

7. o ~ext ~ dis T
[HFFAkf (k) Aka(k')} : (4.213)
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Fig. 4-23: Proposed DOB for Hybrid Controller in Redundant System.

~ di . . .
The estimated variable A Flls{f(k) is used for the compensation of the disturbance.
On the other hand, the disturbance in the position control system is obtained by using the estimated
and transformed velocity by the Kalman filters as follows:

~ di ; wpef 2 1—z71:
Ay = GI8(2) | Xy — Tl_I_ZlXB?if] . (4.214)
S

Finally, the disturbance acceleration dimension is obtained by using the estimated variables of the KFSO
as follows:
~ dis
Al = SAYy+(I-S) Ay = [‘f‘ﬁl‘;f] (4215)
Xkf
Fig. 4-23 shows the block diagram of the Kalman filter based mode space disturbance observer for
hybrid controller in redundant system. By using the proposed Kalman filter based DOB, the suppression
of the inertia force, and simplification of the inverse kinematics and the decoupling of the null space in
the modal space are all done without enhancing noise effect.
The estimated variables of Kalman filters are substituted with the parameters of the proposed hybrid

controller, as follows:

n

v re o re ~ dis X
X = X LAY = [ F"] 4.216)

~ ext A ~ di
Cy (F%md - Fka) — DY (2) X5y Afs
T 4.217)
Ay

<-cmd

Cyls) (X9 = X'yg ) + M XY
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Master system

and Slave system | g

DOB for hybrid N .
control in acceleration with Kalman Filter

controller based on H H Joint space based state observers
Kalman filters E

4 X E]‘
i Modal space = Work space '

Fig. 4-24: Block diagram of the proposed hybrid controller based on DOB in mode space combined with
Kalman Filters.

Master system: Linear motor

Fig. 4-25: Experimental system and models of MDOF manipulators.

Fig. 4-24 is a whole block diagram of the proposed hybrid controller. The proposed structure improves
the hybrid control, including the bilateral control system, due to the effect of the proposed disturbance
observer for hybrid controller. In addition, the proposed acceleration controller can reduce noise effects

because of characteristic of the Kalman filters.
4.11 Experiments of Bilateral Control with Redundant System

4.11.1 Experimental Setup for Bilateral Control with Redundant System

In order to confirm the validity of the proposal, experiments regarding the bilateral control between

different structure systems are conducted. A 1-DOF linear motor as a master system and a 4-DOF serial
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Table 4.6: Experimental parameters for bilateral control within a redundant system.

Parameter | Description Value
T sampling time 0.2 ms
M, nominal mass of master system 0.3 kg
Jins inertia of slave 0.0366 kgm?
Jons inertia of slave 0.0031 kgm2
J3ns inertia of slave 0.0012 kgm?
Jins inertia of slave 7.0850x107° kgm?
Ky force control gain 0.5
K, proportional gain 900
K, differential gain 180
dﬁgd damping of FDD 200
gfdd bandwidth of FDD 100
g bandwidth of joint disturbance/external torque estimation 400 rad/s
gdiz bandwidth of mode disturbance estimation in force control 86 rad/s
g% bandwidth of mode disturbance estimation in position control 100 rad/s
gy d bandwidth of velocity estimation 890 rad/s
AX, resolution of msaster encoder 1.0 x 10 © pulses/rev
AX, resolution of slave encoder 1.0 x 10* pulses/rev
« scaling factor of force 0.4 and 20
154 scaling factor of position 0.4 and 20

link redundant manipulator as a slave system are used for the experiments as shown in Fig. 4-25.

Bilateral control system is constructed between the linear motor and the X axis of the manipulator.
In the bilateral control, free motions and contact motions to the aluminum block as an experimental
environment are performed. On the other hand, position controls are implemented in Y axis of the
redundant manipulator. Additionally, a step response is given in a null space (Joint 2).

The following control structures are tested.
1) An Acceleration controller without mode space observers (based on (4.134))
2) An Acceleration controller with acceleration observer with DOB in the position control system

3) An Acceleration controller without simplification of inverse kinematics (only the decoupling of

null space in modal space is considered)

.. _1 -ref ..
G = T DX 4 (I T Taeo) @ (4.218)
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4) An Acceleration controller with a mode space observer

5) The proposed DOB for hybrid controller in acceleration controller

6) The proposed DOB for hybrid controller in acceleration controller based on Kalman filters

In the case of 1) and 3), the controller gains in modal space Ky, K, and K, are doubled compared with

the cases of the observer based methods. Two experiments with different scaling factors (o« = § = 0.4

and a = = 20) are conducted. In the first case with « = 3 = 0.4, the master side motions are enlarged

at the slave side.

On the other hand, master side motions are reduced in the second case with « = 3 = 20. This case is

tested only on the proposed MDOB with and without Kalman filters. In other words, the slave side effect

is enlarged at the master side (e. g. noise effects).

The position commands and null space control gains are given as follows:

Xcmd _

cmd

dnull

K onull
K pnull

Kvnull

Kfnull

(X x| =[x yend] = [-x,(0) o]

[m@)@®y+% %m>%mﬂ 0.1<t<1.3

[QI(O) 72(0) g3(0) q4(0)} t>13
:50 50 50 50}
:0 900 0 0]

970 270 270 270}

50 10 5 5].

Herein the null space step command is given only in the case of « = 5 = 0.4.

Table 4.6 lists the experimental parameters.

(4.219)

(4.220)

(4.221)
(4.222)
(4.223)
(4.224)
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Fig. 4-26: Experimental results of null space motion. (a) null space responses (joint 2). (b) work space

response (X axis). (c) work space response (Y axis).
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Fig. 4-27: Experimental results of the controller without MDOBs.
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Fig. 4-28: Experimental results of the controller based on the acceleration observer with DOB in the

position control system.
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Fig. 4-29: Experimental results of the controller without simplification of the inverse kinematics.
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Fig. 4-30: Experimental results of the acceleration controller based on MDOB.
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Fig. 4-31: Experimental results of the proposed MDOB for hybrid control in acceleration controller

having a scaling factor 0.4.

4.11.2 Experimental Results of Bilateral Control with Scaling Factor « = = 0.4

Fig. 4-26 shows the experimental results with respect to null space motions and tip responses of the
slave manipulator. Fig. 4-26 (a) represent angle responses of the joint 2. On the other hand, Figs.
4-26 (b) and (c) represents the tip motions. As shown in Fig. 4-26 (b) and (c), the tip responses of
the method without MDOB are affected by the interference from the null space motions. Although the
position responses of the other methods in X axis are different, they are all caused by the difference of
the performance of the force control (bilateral control). Fig. 4-26 (b) and (c) represent the method with
MDOBSs and with the null space projection matrix well suppress the null space motions in the modal
space compared to the method without MDOBs. From Fig. 4-27 to Fig. 4-32, the position and force
responses of the bilateral control in the X axis are shown. As shown in Fig. 4-27, the method without
MDOBs (based on eq. (4.134)) cannot achieve position and force tracking because of the disturbance
caused by the coordinate transformation (simplification of the inverse kinematics) and interference from
the null space. Furthermore, the method generates large operational force caused by the inertia force in
addition to the above two terms.

Fig. 4-28 shows the experimental results of the method based on Kalman filters with acceleration
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Fig. 4-32: Experimental results of the proposed method based on Kalman filters for hybrid control in
acceleration controller having a scaling factor of 0.4.

observer. The difference between the proposed method and the method based on Kalman filters with
acceleration observer is only the compensation value for the force control system. As shown in Fig.
4-28, the force control performance is deteriorated due to an inappropriate estimation of the compen-
sation value by the acceleration observer, though the position control performance is better than Fig.
4-27 because of the implementation of the DOB in the position controller. Fig. 4-27 shows the exper-
imental results of the method without simplification of the inverse kinematics. Despite the reducing of
the operational force in the free motions compared to the above two methods, the position and force
tracking control performance in contact motions are deteriorated due to the disturbance caused by the
simplification of the inverse kinematics.

Fig. 4-30 shows the experimental results of the acceleration controller with MDOB. Compared to the
three methods presented above, it is found that the position and force tracking performance is improved.
However, the operational force caused by the inertia force is still large in the free motions.

On the other hand Figs. 4-31 and 4-32 show the experimental results of the proposed MDOB for hybrid
control without and with Kalman filters, respectively. Compared to the other methods, the proposed

methods achieve an improvement in the position and force tracking performance in contact motions and
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suppressing operational force in the free motions.

4.11.3 Experimental Results of Bilateral Control with Scaling Factor o = = 20

Figs. 4-33 and 4-32 show the experimental result of macro-micro bilateral control with scaling factor
«a = 8 = 20. Because the friction estimation errors in the RFOBs are enlarged and undesired responses
arise, the friction compensation is omitted.

Fig. 4-33 shows the experimental result of the proposed method without Kalman filters. As shown by
Fig. 4-33, the noise effect at the slave side is enlarged and transmitted to the master side. As a result, the
force and position responses are fluctuated.

On the other hand, the proposed method based on the Kalman filter achieves suppressing noise effect,
and the position and force responses show good tracking performances as shown in Fig. 4-33. From

these results, the validity of the proposed methods are confirmed.
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Fig. 4-33: Experimental results of the proposed MDOB for hybrid control in acceleration controller
having a scaling factor of 0.4.
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Fig. 4-34: Experimental results of the proposed method based on Kalman filters for hybrid control in
acceleration controller having a scaling factor of 0.4.

- 189 -



CHAPTER 4 PERFORMANCE ENHANCEMENT OF POSITION/FORCE HYBRID CONTROL
FOR MOTION EXTRACTION

4.12 Summary of Chapter 4

This chapter introduced a hybrid control system based on an acceleration controller in the modal space,
which is capable of realizing decoupling control and performance improvement of the bilateral control
system. This chapter showed how an acceleration controller can realize decoupling control in the modal
space. Furthermore, a novel disturbance observer for enhancing the performance of an acceleration
controller is proposed. Differently from the conventional hybrid controllers, the proposed controller
does not affected by the variation of manipulator configurations except for neighborhood of a singular
point because the structure of the proposed method is based on the acceleration controller.

This chapter also showed a method for the simultaneous realization of performance improvement, de-
coupling of null space and suppression of the noise effect for a hybrid control system with RDOF. Hybrid
control systems with RDOF are necessary for future application on motion control systems for human
support systems and robots in unknown and open environments. It was shown that the acceleration con-
troller realizes decoupling of task (mode) spaces also in the redundant system. By extending the DOB
for hybrid controllers to the redundant systems, this study realized the suppression of operating (inertia)
force and the interference from null space with the simplification of inverse kinematics. Moreover, the
reconstruction of the DOB by coupling with a Kalman filter was proposed for the suppression of the
noise effect.

The validities of the proposal were confirmed by analyses and experiments.
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Chapter 5

Environmental Disturbance Compensation
for Motion Reproduction

5.1 Introduction of Chapter 5

Chapter 5 shows that an adaptation method for environmental variation between the motion extraction
phase and motion reproduction phase. This chapter provides particular indices for the motion reproduc-
tion system and proposes a novel motion reproduction system based on a 2-DOF control structure to
compensate for environmental variances [96].

In respect to reproduction of saved motions and the environmental variances, the loss or deterioration
of the transparency corresponds to the use of one degree of freedom (1-DOF) control systems, which are
unable to determine the response characteristics and disturbance suppression performance independently.
Other methods for the motion reproduction systems [89,90] also use 1-DOF control systems concerning
the compensation of the environmental variances because the system structures are changed from the
original motion reproduction system based on the bilateral control system using acceleration controller.
Thus, general versatility cannot be obtained for the stored motions because the original motions of the
human operators are degraded, even if there is no variance in the environment.

In contrast, 2-DOF control system [4] can be used to determine the response characteristics and dis-
turbance suppression performance independently. In particular, disturbance rejection based on a dis-
turbance observer (DOB) [5, 11, 12, 14] is known to be a simple and powerful technique. Therefore, a
2-DOF control structure that compensates for the environmental variance without degrading the response

characteristics should be introduced in the motion reproduction phase.
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First, a variance in the environment is regarded as an environmental disturbance (EnvD) that affects
the motion reproduction system. In addition, the motion reproducibility (MR) and the EnvD suppression
performance are defined as the particular characteristics of the motion reproduction system that corre-
spond to the response characteristics and the disturbance suppression performance, respectively. The
performances of the normal (standard) method [46] and conventional motion reproduction method (e.g.
[88]) with regard to the MR and suppressing the EnvD were determined. The conventional motion re-
production method for adapting the environmental variation has a 1-DOF control structure against EnvD
by sacrificing the MR. Because of the MR deterioration, the precise reproduction of the saved motion
are not achieved by the conventional methods even though the EnvD is once reduced. Then, a novel
reproduction method to compensate for the EnvD without causing the MR to deteriorate was designed.
The proposal succeeds in simultaneous realization of both improvements of EnvD suppression and the
precise motion reproduction. By canceling the EnvD in a kind of the feedforward structure, the proposal
can achieve the robust force reproduction and robust position reproduction against EnvD.

Furthermore, storing the force information at the slave side to generate compensation values for EnvD
is also the feature of the proposed method though the conventional methods extract only the master side
information. This means the environmental information are able to be obtained as reaction forces. The
bilateral control structure makes it possible to easily separate the action and reaction forces and to store
the information, though conventional methods by programing by demonstrations are difficult to obtain
the reaction force from the environments isolated from the operational force of the human operator.
With the proposed method, the desired performance with regard to the EnvD suppression characteristics
was realized in terms of the force and position reproduction, and the general versatility of the stored
motions was markedly improved. The novelties and advantages of the proposed method are summarized

as follows:

1) The characteristics peculiar to MCS are clarified by the introduction of EnvD and MR as novel
indices for the motion reproduction, though the conventional methodologies maintain ambiguity

[87-90]

2) In order to compensate the variation of the environment (EnvD), a novel-motion reproduction
methodologies are derived for the both robust position and force reproduction, though the conven-

tional methods addressed only force reproduction, but not both [87-90]

3) One of the advantages about the proposal compared with the conventional methods is simulta-
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neous realization of precise reproduction about contact motion without the deterioration of MR
and improvements about the EnvD suppression performance based on the 2-DOF control structure

though the conventional reproduction methods are 1-DOF structure in respect to the EnvD and MR

4) Bilateral control structure makes it possible to easily separate the action and reaction forces and
to store the reaction forces as the environmental information. This is one of the usefulness of
the proposed method compared to the conventional methods by programing by demonstrations

[43,47-50].

In particular, the robust position reproduction and the compliant motion reproduction by the proposed
methods will able to be applied to training systems and rehabilitation systems. Additionally, the proposed
force reproduction compensator is expected to be applied especially to the industrial applications because
the method is able to adopt the individual differences of manufactured articles. As a matter of course,
the proposed methods are also expected to be useful under opposite circumstances. Furthermore, the
position and force reproduction compensators are able to be combined according to the intended use.

Moreover, the EnvD compensation method for the motion reproduction is extended to the reproduction
of MDOF cooperative motions. A novel coordinate transformation for extracting and to reproducing the
MDOF cooperative motions is introduced. The proposed method was validated through analysis and
experimental results.

The fundamental principle and design framework for the motion reproduction system is established in

this chapter [96].
5.2 Motion Reproduction System with Environmental Disturbance

5.2.1 Definition of Environmental Disturbance

The control goals of the motion reproduction system are the same as those of bilateral control and are

given by the following equations:

F]E,ext _ F;z’eXt + FSR,ext _ 7Fé5‘,ext + FSR’eXt =0 (5.1)

Ryres S,res Ryres __ yS,res Ryres __
xHres — xSres _ xltres _ xSres _ xlres _ (5.2)

where superscripts .S, R represent a saved variable and reproduced variable. However, the control goals

are not achieved if the distance to the environment or environmental impedance is changed between the
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saving and reproduction systems [46, 88]. In order to express the effect of the variance mathematically,
elements of the external force are first formulated. The external force FSR € that is added to the slave

system in the motion reproduction phase is expressed by
FEet = 78 (s) X1 + Foyt (5.3)

where Z1(s) X2 is a contact force generated by the environmental impedance and F is an ad-
ditional external force that does not exist in the motion saving phase. Z!*(s) has a room of including
variance of environmental impedance AZ, compared to a impedance in the saving phase as Z>(s). In
this expression, not only the variance in impedances but the variance in the size or location of the environ-
ment can also be included. If environmental locations are set at farther positions, e.g., AZ, = —Z2(5s)
(F Fhext 0) slave systems cannot reproduce the saved motion. These terms caused by the environmen-
tal variances behave as disturbance forces on the motion reproduction. Therefore, they are defined as an

environmental disturbance (EnvD) and are expressed as follows:

Féiis _ _AZEX;-Lres + Fe()j(t _ Z;S'(S)X;%,res o FSR,ext (54)

a

= pref _ plext) (5.5)

5.2.2 Performance Characteristics of Motion Reproduction

In order to clarify the effect of the EnvD on motion reproduction, transfer functions for the perfor-
mances are derived in following part. In this study, external force information is obtained by reaction
force observer (RFOB) [7]. For simplicity, it is assumed that there are no disturbance forces except for
the external force from the environment in this part. Fig. 5-1 shows an equivalent block diagram of the

motion reproduction system. In the figure, Ct(s) and G2, (s) are expressed as

 M,Cyg+s

Gi(s) = qi(s)Cr (Ho(s) + Hy(s)ZZ (5)) + Cp(s). (5.7)

In (5.7), H.(s) and H,(s) represent the reproducibility and operationality, respectively. g;(s) corre-
sponds to the low-pass filter (LPF) of the DOB and RFOB. H,.(s) and H,(s) are derived from the hybrid
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matrix and the relationship "™ = Z5(s) X5 as follows [26]:

Fné;,ext B Hll(s) H12(8) X;S,res (5 8)
Xyl Hji(s) Haa(s) — et '

E>ext = (Hy(s) + H,(s)Z5 (s)) X (5.9)

B M,s?(s+ g)(s® + Cp(s))
Hy(s) = Don(s) (5.10)
Num

H.(s) = D ((SS)) (5.11)
Num(s) = Mng%(SQ + Cp(s)) + s(s +g) <s2 + Cp2(s)> (5.12)
Den(s) = (54 g)Num(s) + s (gcf + Aj) Z3(s) (5.13)

where Ho(s)X;?{reS corresponds to an operational force that is need to operate the master device and
H,(s) is equal to 1 in the ideal case (g = o0). Fig. 5-1 shows some similarities to a two-mass reso-
nant system [24, 116, 117]. The EnvD, C,(s)/Z5(s), Z7(s) and 1/C(s) correspond to the load-side
disturbance, torsional force feedback gain, elastic coefficient and load mass, respectively [24]. The fact
that the position control and force control goals are not achieved simultaneously in the presence of EnvD
corresponds to the fact that load-side position and motor position tracking to a position command are
also not achieved simultaneously. Additionally, even though the disturbances terms added to the system
are compensated by implementing the DOBs, the EnvD are not eliminated and continue to affect the
reproduced motions. This also corresponds to the fact that load side disturbance are not eliminated even
though the DOBs are implemented for actuators in the case of load side position/force control of the two
mass resonant system. From Fig. 5-1, the transfer functions of the motion reproduction are derived from

(5.4) as follows:

FRet = Gl ()28 (5) X5 - G (s) (5.14)
Fdis

R,res __ D S,res p e

Xs — Gr(S)Xm +Gd(8) ZeS(s) (5.15)
where
4 Cp(s)
alis) = 5 P 5.16
a(s) $2 + Cp(s) + Cr(s)Z5(s) (10
C(s)Z5

GP(s) = 1(s)ZZ (s) _ (5.17)

5% + Cp(s) + C(s) ZZ(s)
GZ; (s) and GZ(S) represent the performance characteristics of the EnvD suppression for force and posi-

tion reproduction, respectively. Because Z> (s)X;%reS implies a force command generated by the opera-
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Fig. 5-1: Equivalent block diagram of motion reproduction with EnvD.

tor in the saving system, Gi (s) can be regarded as the response characteristics for the force and position
reproduction. Because the force and position reproduction system have the same response character-
istics, the, motion reproducibility (MR) P, (s) is defined as an important characteristics of the motion

reproduction as follows:

S S
P.(s) = Gva(S) =Gr(s) = 2 + Cp(S?iC(CiC(S)Zf(S)‘ (5.18)

The following relationship is also derived about EnvD suppression performances:
Gl(s) + Gh(s)=1. (5.19)

Equation (5.19) stands for the EnvD suppression for force and position reproduction cannot be achieved
simultaneously in a normal motion loading system. These equations also show that the conventional
method of using velocity information [88] is just a 1-DOF control system because P, (s) changes instead
of the EnvD suppression performance Gi;(s) improving. Additionally, the velocity-based method is
clearly a kind of force based compliance control [91] without the stiffness K,. The conventional method
cannot determine the characteristics independently. In order to improve the EnvD suppression perfor-
mance without changing the reproduction performance, 2-DOF control structure that uses feedforward

compensation should be introduced.
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5.3 Design of Proposed Motion Reproduction System Based on EnvD Com-

pensation
5.3.1 EnvD Rejection for Position Reproduction

In order to design the feedforward compensators for the motion reproduction, the cutoff frequency of

the DOB and RFOB was assumed to be infinite as

lim F' = lim g;(s)F™ = F& (5.20)

g—o0 g—00
where " represents the estimated value of RFOBs. Thus, the following relationships are obtained from

(5.6), (5.10) to (5.13) and (5.18):

glirglon(S) = Cf (5.21)
lim P.(s) = 1 (5.22)
g—0o0

lim P(s)Z7(s) X5 = Foext, (5.23)

g—o0

First, the EnvD suppression for position reproduction was considered. From Fig. 5-1, the transfer func-

tion from the common mode force that does not involve the operational force Fj, = Foext _ prltext
Fdis 1o X" is given by

Cy fdi

EJ. 5.24

2+ Cp(s) © (5-24)

Considering (5.14) and (5.22) — (5.24), the following compensation value X?fmp is obtained to cancel the

Ryres __
X, =

effect of Fedis on position reproduction:

X = 3 gﬁ (S)ths = Gl (s) (Bt = Bftest) (5.25)
LGz B, R 526
2+ Cy(s) + CrZ8(s) Z2 (s) TZ5(s) '
As shown in (5.26), the EnvD can be suppressed if the following output of X%, is achieved:
Frdis
X = X0+ Gl(s) S (o) T e = D Gl (5.27)

In order to make the transfer function from X, Z;np to X SR % equal to 1, an acceleration feedforward term

is calculated and added to the system as follows:

SQXg)mp = Xgmp = _Kf <F},7‘ - KUX(]:)mp - Kng)mp) (5.28)
2 yP
xpoe Gl ey s Xew (5.29)

52 + Cp(S) cmp m cmp*
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Because the EnvD is perfunctorily rejected from the position reproduction system under ideal conditions

(g = 00), this method is defined as EnvD rejection in this chapter.

5.3.2 EnvD Compensation for Force Reproduction

In this part, an EnvD compensator for the force reproduction is described. The last part explains
about the robust position reproduction. However, position control and force control have contradictory
control goals. Setting an index that is known as control stiffness [7] is useful for representing these
contradictions. The ideal control stiffness of a position control system is infinite (i.e. the system does
not generate displacement by disturbances). On the other hand, the ideal control stiffness of the force
controller is zero. This chapter extends the definition of the control stiffness to the EnvD suppression. A
relationship between the EnvD and the position response is expressed as follows:

OFI 4
OXres — Tomp

+ K, (5.30)

dis

where k¢

represents the control stiffness against EnvD. Because the displacement should be zero in
the case of the ideal robust position reproduction (EnvD rejection), k413 becomes infinite. On the other

cmp
hand, Hgfgp

of the ideal robust force reproduction system should be zero because the system generate
arbitrary displacement against the EnvD except for the displacements constrained by the environmental

dis

stiffness K. Additionally, the system becomes compliant against EnvD if the x¢p,,

has a positive value.
According to (5.4), EnvD rejection from the force response is possible if Z5(s) is known. However,
obtaining the actual information of Z9(s) is difficult. As an alternative, the following compensation is

introduced in the system for EnvD rejection:

Xl = Glup($)F8 = Gl () (BSe — et (531)
where
f
GE (s) = Gon(s) v/ as+g (5.32)
cmp _Zf (s)_af82+afs+af 3—|-g ’
cmp 2 1 0
fe2 f f
ays” +ays—+a
Zlp(s) = 2 ; I (5.33)
as +
Gla(s) = J (5.34)

s+g°

In (5.32), Gl];hl(s) represents a phase lead compensator to obtain stability in high-frequency areas. Be-

cause the displacement from the original position A Xj is fixed to Xgmp, the error between the saved and
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reproduced forces of the slave system can be equivalently expressed as

FsS,ext _ FSR’eXt — Fedis _ ZS( )Xf (5.35)

cmp*

Equation (5.35) means that F9% — 79 (S)chmp is equivalently compensated by the compensator shown
in (5.31). Here, b/ is a coefficient that is set to 1 or 0. If (5.35) is taken into account, Zgnlp(s) represents
a impedance that determines the behavior of the reproduction system against Fedis. ag , a{ and ag
correspond to a virtual mass (force control gain), a virtual viscosity (velocity feedback gain) and a virtual

stiffness, respectively. These coefficients are design parameters that designers can determine. Just as in

(5.28), the acceleration feedforward term is calculated as follows:

XL =bad” (thl( VESs _ oI XTI al XS ) (5.36)

cmp cmp
By substituting X%, chmp and (5.22) into X5 of (5.15), the following equation is derived as

Fdis
XTes = xSres | XS 4 XD+ Gh(s)

Z2(s)

_ XSres Xf Gp ngs Gp Fedis
- + cmp d(S)ZS(8)+ d(S) S

€

Glo(s) . .
_ XWSI,res + })hl() (Fg,ext _ FSR,ext> ) (5.37)
Zcmp(s)

By considering (5.4), (5.20), (5.22) and (5.23), (5.37) is transformed as follows:

Féiis + FSR’eXt Sres G£h1 (S) S ext R,ext

BT = i P00 (e - g

Z3(s) Zemp(8)
R
Gf $)Z5(s
+phlJ(c)6() (FSS,cxt o FSR,CXt) i (538)
Zcmp(s)

From (5.4) and (5.38), the force and position reproduction of the proposed method can be characterized

as
Zhan(s) ,
FSR,ext — Ff’eXt— - cmp - Fedls (5.39)
G (5)25(5) + Zhup(s)
= P9)ZE(5) X5 - G (5:40
Gf ZS dis
Xf,res — XS,res+ 7 phl( ) ( ic f; (541)
Gl ()25 (5) + Zp(s) 22 (5)
dis
D S,res a e
= PT(S)Xm +G§(S) qu(s) (5.42)
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where P/ (s), @g(s) and GZ(S) represent the MR and disturbance suppression performances, respec-
tively, of the proposed method for force and position reproduction. In this structure, ag /bf corresponds
to the control stiffness. If b/ is set to one, the force compensator is activated. From (5.39), the steady-

state error ¢/ = [ — plhext converges depending on ag as follows:

f_ oy agsz—i—a{s—i—a(}; Fedis (5.43)
© T At s fe2 o o f f g :
b Gy (s)ZE(s) + ays® + ays + ap
0, al =0nb =1
= 1 . (5.44)
_ 9 pdis f f—
Ke+a£Fe , ay #ONY =1

As the above equation shows, the system becomes force controller in respect to EnvD and e/ converges to

zero in the case ag is set to zero. From another perspective, this structure corresponds to a kind of reaction

force controller based on position based compliance (admittance) control with a force controller ag , a
force command F>*! and the reaction force feedback of F/0*, If a{ has a positive value, a{ behaves
as a virtual damping. If ag has a positive value, the system becomes compliance controller against EnvD

as shown in (5.44). From (5.41), the steady state error of position responses e = X' — XIores i

represented as follows:

N reZ) i
¢? = lims P () FE (5.45)
50 bnghl(s)Zf(s) +als®+als+al s
1 .
= ————F" (5.46)
a
K.+%

f
where 1/( K. + Z—?) corresponds to the compliance value. On the other hand, if b/ is set to zero, the force
compensator is deactivated. As a result, the control stiffness and total impedance in respect to EnvD (i.e.
Z(fmp(s)) become infinite as shown in (5.45) and the EnvD rejection is activated. As a result, the position

error e” converges to zero as follows:

. b/ G (5)Z5 (s) Fdis
e 7 s~V (5.47)
bprhl(S)Zég(s) + (1252 + ais + (10 Ze (S)

b = 0. (5.48)

This case corresponds to the robust position control system. Though the force and position and force
compensation are not achieved at the same time because of the constraint of (5.19), adaptation of envi-

ronmental variation by robust force reproduction and robust position reproduction are easily realized in
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a same direction only by switching or varying the coefficient by without deteriorating MR. This is one
of the usefulness of the proposed structure. As described above, the behavior of the system against F
is arbitrarily determined by choosing G{mp(s) for the sake of EnvD rejection. If the EnvD does not exist
or is suppressed once, the compensators X” - and X Cfm q are not activated. In these cases, 157«(3) is equal
to P,(s) that is the MR of the normal motion reproduction system.

Thus, the proposed compensation method can suppress the EnvD and the desired reproduction of
stored motions is realized without deteriorating MR only by varying the coefficients of Gécmp(s) in the
force compensator. This is one of the usefulness of the proposal. As a result, the proposed method is
the novel motion reproduction method against the EnvD based on 2-DOF control system, though the

conventional methods have 1-DOF control structure in respect to EnvD.

5.3.3 Implementation for MDOF Systems

This part presents how to implement the proposed method for an MDOF system. Here, a 2-DOF

manipulator on a horizontal (X-Y) plane is considered.

Motion Extraction (Bilateral Control)

An acceleration-based four-channel bilateral control is utilized to extract human motions. Accelera-

. - ref .. . T
tion references for the master-slave system X = {X;if Xzef] are calculated as follows:

.. ref ~ ext

. Xp| 1| I -

Xref _ T,1 > fef _ = 2 2 CfFF (5.49)
Xy 211y —I| [-Cp(s) X

~ ext ~ ext ~ ext _ ~ _ N

Fi«z( = F?: + FEX = Jacz,mT%t + JaCESTiXt (5-50)

X = X0 - X1 = G (437) — Gws (42) - 55D

C and C)(s) are diagonal matrices with force controllers and position controllers, respectively, in
diagonal elements. The workspace dynamics is expressed by the following equation if the joint-space

DOBs are implemented:

o res _ H . o ref . .

X = MIF 4 Jooo@™ = X, + Jaco@™ (5.52)
where M ,,, represents a virtual mass matrix. If the matrices are set as identity matrices, the controller be-
comes a workspace acceleration controller [21]. In order to realize decoupling control in the workspace,

the second term in (5.52) needs to be calculated. However, the calculation is sometimes cumbersome. As
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Fig. 5-2: The block diagram of the proposed motion reproduction system.

a substitution for the calculation, the term is defined as a disturbance term. The disturbance is estimated
by a workspace observer (WDOB) [84] and added to the acceleration reference in order to cancel the

term. The acceleration reference of the actuator space is obtained as

cref _ 7—1 —1 pref _ -1
qn - JacoMUn Fn - Jaco

(X“"f n fzdiS) (5.53)

where X 9 is the estimated disturbance. These processes are used to extract and save the human position

and force information X' and F&Xt,

Motion Reproduction

According to (5.25), (5.28), (5.31) and (5.36), the acceleration references of the slave-side manipulator

for the motion reproduction are obtained as follows:

« Rref & . Sext s Ryext - p .y
Xs :7f<_Fm _Fs )+Xcmp+Xcmp
C,(s
+p2() (X5 + Xy + XLy = X5 (5.54)

where X? and X/

frmp mp are compensation vectors comprising compensation values in each direction (X

and Y). 1/2 in (44) corresponds to the determinant of the inverse matrix of 7T". Fig. 5-2 shows a block
diagram of the proposed method. If the coefficient of b/ is set to zero, only the EnvD rejection is activated
in this direction. By tuning G’gmp(s), the desired EnvD compensation for position/force reproduction is
realized. Although the structure of the proposed system is similar to that of admittance control (position-

based compliance control) [91], the method is a type of feedforward compensation with regard to the

EnvD.
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5.4 Analysis and Detailed Design
5.4.1 Performance Analysis

In order to analyze the system performance and stability, the characteristics of the proposed method
were redefined except for the assumptions (5.20) to (5.23). For simplicity, only a direction (e.g. X) is

discussed. The disturbance suppression performance of the EnvD rejection Gfl'(s) is derived as

G (s) = gn(s)gh(s) (5.55)

where g, (s) is a high-pass filter that is caused by the limited bandwidth of the RFOB in (5.25). By
considering (5.4), (5.8), (5.14), (5.15) and section III, the MR and the EnvD suppression performances

are also rewritten as

f Gl (9)a1(5)2E (s)
s = Zemp(8)Pr(8) + 75 05 = a9 Z505) 5.56)
Gghl<8>gl(s)Z§(S) + ngp(s)

. GL1()91(8) Z5 () + Zup(5)GY (5)

GP(s) = 2 5.57
A T a9 Z5(5) + Zh (o) 2

2y = Zep(s) (1= G (9))

Gl T )25 (5) + L) (:59)

By applying the final value theorem, the following steady-state characteristics are obtained as:

1 KiK?
1i Pl — . T _
s%sGd (5)8 0 K, + K K9 0 (5.59)
lim G ()L = LZO( L5 0) (5.60)
N
ll_r}(l)sPT(s)g = L (5.61)

Equations (5.59) and (5.60) confirm that the proposed EnvD rejection and force reproduction compen-
sator suppress the EnvD because G%(s) and ég(s) converge to zero. According to (5.61) and [26], the

slave system can reproduce contact forces

. - 1
lim s (F;Wt _ B(5)Z5 (s)X,%ext) -
1
. R,ext S,ext _
:ll_l’)I%)S(Fs ex _FS ex); =0. (5.62)

According to (5.16), the velocity-based method or a force controller can be used to suppress the steady-
state error in the force reproduction by changing C,(s) to C,(s) = K, s or getting rid of C),(s), respec-

tively. The characteristics of EnvD suppression about the velocity-based method va(s) and the force
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Table 5.1: Parameters of analysis for motion reproduction systems

Parameters | Descriptions Value
M, mass of actuator 0.2560 kg
Ky force control gain 1.0
K, position gain 6500
K, velocity gain 2 \/fp

g cutoff frequency of DOB and RFOB | 500 rad/s
« parameter of phase lead compensator 2

controller Gf;f(s) are described as follows:

2
7 - s* + Kys
Gals) = 5 + Kos + O7(5)25(s) (5.63)

82

! (s) =
Gyl = FTEZE0) (5.64)

On the other hand, a position controller can be used to suppress the steady-state error in the position
reproduction by getting rid of C'y. The characteristics of EnvD suppression in the position reproduction

Gsp(s) is described as follows:

Hgn(s)Z5(s
GP (s) = a1, 91 )1 e (5) . (5.65)
v 5+ Cpls) + 1= gn(5)Z5(s)
However, such conversions affect the performances of the MRs as follows:
Cy (H, H,(s)Z5 K,

Prafs) = S0 Hole) + HA ()20 (3)) + Ko (5.66)

2+ Kys + Cp(5) 25 (s)

- gl(S)Cf (Ho(s) + HT(S)ZE(S))
Pry(s) = 2+ O Z5(5) (5.67)
Frpls) = Gols) (5.68)

2+ Cp(s) + - 9n(5) Z5(s)

where P, (s), Pr¢(s) and P, (s) represent the MRs about velocity based method, force controller and
position controller, respectively. On the contrary, the proposed method can enhance the EnvD suppres-
sion performance independently form the MR because EnvD suppression performances of the proposal
Gh(s) and @g(s) do not include Cy or Cy(s). Because of these reasons, the proposal is necessary to
realize the precise motion reproduction and improvement of the EnvD suppression simultaneously. The

frequency characteristics of the motion reproduction system were analyzed. The position and velocity
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Fig. 5-3: Bode diagram of MRs (Z,(s) = 100s + 10000).

gains were set to produce critical damping in the position control system [26]. Table. 5.1 lists the analy-
sis parameters. Fig. 5-3 represents Bode diagrams of the MRs for the proposed method, velocity-based
method, the conventional method (A) [89], the conventional method (B) [90], and force and position
controller. MRs of the conventional method (A) P2 (s) and the conventional method (B) PP (s) are

described as follows:

GS (8) . Cp(s)
A . m H21(S)—H22(5)Z§(5)
Pr (S) - 32 —|- Cf(S)Zg(s) (5.69)
S —
P(s) — G5,(s) + (Gh(s) — 1)Cp(s) (5.70)

s + Gn(s)Cp(s) + Cy(s)Z8(s)
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In this comparison, the MR of the proposed method was set to the P,(s) in (5.18) in order to compare
the performances without EnvD. As shown in Figs. 5-3 (a) and (b), the gain and phase characteristics
of the velocity-based method, conventional methods [89] and [90], the force and position controllers
were changed as a substitute for EnvD suppression. The results showed that the conventional methods
degraded the transient responses of the reproduced motions. However, the proposed method was able
to maintain the MR that was obtained by the acceleration-based bilateral control in the motion saving
system because of the feedforward compensation. Fig. 5-4 shows the gain characteristics for the EnvD
suppression performances of the conventional and proposed methods. For the proposed method, four
types of force compensators (cases 1 —4) and the EnvD rejection method were compared. The parameters
of ngp(s) were changed as follows: (case 1) s2, (case 2) s2 + 40s, (case 3) 52 + 40s + 2000 and (case
4) 0.552. As shown by the black arrow in Fig. 5-4 (a), the EnvD suppression performance for position
reproduction improved if the zero-order gain of ngp(s) was set larger. The proposed EnvD rejection
method showed the best performance compared to the other methods, including the position control,
because of the feedforward structure with no change to the MR. As shown by the black arrow in Fig. 5-4
(b), the EnvD suppression performance for force reproduction is improved when the coefficients of the
force compensator were set to smaller values. Even though the EnvD suppression performance of the

case 1 is as well as the force controller, the peak magnitude about case 1 was smaller.
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Fig. 5-4: Gain characteristics of EnvD suppression performance with the hard environment
(Ze(s) = 100s + 10000). (a) Position. (b) Force.
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Fig. 5-5: Pole displacements with variance in environmental stiffness K. of 0 — 10,0000 (D, = 100).

5.4.2 Stability Analysis

In order to analyze the stability of the proposed system, pole displacements about P, (s) were evaluated
according to changes in the parameters. Fig. 5-5 shows the pole displacements of Pr(s) with a variance
in the environmental stiffness K from 0 to 100000 with force compensator of case 1: Zécmp(s) = 52
The viscosity of the environment was set to D, = 100 Ns/m. In the figure, poles without Gihl(s) are
shown with yellow circles for comparison. Dominant poles are removed, as shown by the read dotted
arrows. The results confirmed the effect of Gﬁhl(s). The system was stable with regard to the stiffness
range because all poles existed on the left half of the plane. Fig. 5-6 shows the pole displacements of
P,(s) with a variance in ngp(s). The environmental impedance was fixed to Z,(s5)=100s+100000. The
poles not related to ngp(s) that coincide with the normal motion reproduction system are labeled by
the black stars. Read x-marks show the pole displacements with a variance in ag of 0.5 — 2.5. As shown
in the figure, the system may become unstable if ag is too small. The poles shown with the red arrows
were not displaced by the compensator. Blue triangles show the pole displacements with a variance in
a{ of 0-200 in which ag and ag were set to 1 and zero, respectively. All poles existed on the left half
of the plane, and some poles were stabilized when a{ was increased. The poles of the standard motion

reproduction system are labeled by the black stars. This means that the system may become unstable

if the environmental stiffness or force gains are too high in the bilateral control system [26] for motion
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Fig. 5-6: Pole displacements with variance in parameters about force compensator Zcfmp(s) (ag :
0.5 — 2.5, al: 0 — 200, al}: 0 — 10000).

extraction. In such a case, the controller gains in the motion saving system should be modified. Orange
crosses show the pole displacements with a variance in a{; of 10 — 10000. All poles existed on the left
half of the plane, and the displacements were relatively small compared to the other parameters. This
indicates that the variance in ag had little effect on the system stability. From these results, it is found
that the proposed system become more stable if the a{ and ag are set to larger values, though the EnvD

suppression performance in force reproduction is degraded as shown in section I'V. A.

5.4.3 Simulations

In order to enhance the necessity and advantages of the proposed method, simulations that compare
the proposed methods to position and force controllers combined with DOBs are conducted. In the
cases of the proposed EnvD rejection for position reproduction and the position controller, an additional
disturbance force (10 N) is added from O to 2 second. In the cases of the proposed force reproduction
compensator and force controller, the distance from slave system to the environment is 10 mm farther
than that of the saving system. The parameters of the proposed force compensator are same as that of
case 2 in the analysis. Fig. 5-7 shows the simulation results of the motion reproduction systems. In the
yellow shaded areas, contact motions are conducted. As shown by the figure, conventional methods seem

to suppress the EnvDs in the steady states. As described in the Fig. 5-8, however, the transient responses
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Fig. 5-7: Simulation results of position and external force responses.

of the conventional methods are degraded in both of the position and force responses. This is because the
MRs of conventional methods are changed as represented in (5.67) and (5.68). Especially, the contact
motions are not precisely reproduced even though the environment is not varied or the variances are once
adopted. Here, if the second order differential of the position response at master side is added in the
acceleration reference of the position control system, the reproduced responses have possibilities to be
improved. However, the direct differentiation of the actual sensor signals has a risk for amplifying the
noise. In addition, even though the term is included, P,,(s) and P, (s) are not coincident. On the other
hand, the proposed methods can suppress the EnvDs (i.e. the additional disturbance and the difference
of environmental position) quickly and the precise position and force reproduction are achieved. From
these results, it is found that the proposed methods can realize the improvement in respect to the EnvD

suppression and the precise motion reproduction, simultaneously though the conventional methods are
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Fig. 5-8: Expanded views of error responses. (a) 0 to 2.0 sec. (b) 2.1 to 2.9 sec. (¢)3.5to 5.5 sec. (d) 5.5
to 7.0 sec.

not able to achieve. Then, the advantages and the necessity of the proposal are confirmed.

5.4.4 Detailed Design of Force Compensator

Based on the results, a{; , a{ and a%c should be set to smaller values to compensate for the force
reproduction. On the other hand, ag should have a positive value to reduce the steady-state error in
the position response when turning back to the original saved position. However, these aims cannot be

realized simultaneously according to the constraints of (5.19). For this reason, a{ and a{; should have
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variable gains:
af = wfexp|—afG(s) ((FF) 4 (BRo)?)] (5.71)
of = s {1-exp [-afG](s) (FFo)]} (5.72)

where ozg , oz{ , mg and /{{ represent positive constants and Gi(s) represents a LPF to suppress chattering.

By setting ag as given in (5.71), the steady-state errors in contact motions are eliminated according to

(5.60) because a{; converges to zero in contact motions. On the other hand, by setting a{ as given in

(5.71), a the stability of the contact motions is improved in the presence of an EnvD. In addition, the
f

force error converges to zero more quickly according to Fig. 5-4 because aj is smaller than Ii{ if the

slave system cannot contact with the environment in the motion reproduction phase.
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Table 5.2: Parameters of experiments for motion-saving and motion-reproduction systems.

Parameters | Descriptions Value
T sampling time 0.1 ms
Ky, torque coefficient 1.18 Nm/A
Jn inertia of rotary motor 0.00288 kgm?
K, velocity gain 600
gw cut-off frequency of WDOB 10 rad/s
glf cut-off frequency of Gi(s) 10 rad/s
ﬁg parameter of ag 2000
n{ parameter of a{ 40

a{; , a{ exponential part of ag and a{ 1.0

ag parameter of force compensator 1.0

5.5 Experiments of Motion-saving System and Reproduction System
5.5.1 Experimental Setup for Motion-saving System and Reproduction System

Experimental tests were conducted in order to validate the proposed method. Fig. 5-9 shows the
experimental setup, which used 2-DOF serial link manipulators and an aluminum board. Because direct
drive motors are utilized for the manipulators, the frictions or backlashes are assumed to be negligibly
small. In the experiment on the motion saving system, an operator conducted contact motions and free
motions with the environment for 20 s, and the force and trajectory information was stored. For the
comparison, both the proposed and conventional methods were tested in an experiment on the motion
reproduction system. The proposed compensators were implemented in the X and Y directions. For the
comparison, the velocity-based method was implemented in the Y direction, and a variable position gain
was implemented in the X direction. The controller in the X direction was a kind of force-based variable

compliance control [91]. The variable gain K ,°" was set as follows:
Keon _ | _ fo FS,ext 2 FRext 2 573
p — Bp€Xp @p L(S) ( s ) +( s ) : (5.73)

Two experiments were conducted on the motion reproduction system. In the first experiment, the distance
from the manipulator to the environment was set to be the same as that for the motion saving system. In
the second experiment, the distance was farther than that for the saving system. Furthermore, additional
disturbance forces were added. In order to confirm the effectiveness of EnvD rejection for position

reproduction, b/ in the X direction was set to become zero (the force compensator was deactivated)
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Fig. 5-9: Experimental setup for motion-saving and motion-reproduction systems.

after 16 s. K;°" was set to become the constant value K, after 16 s. Table 5.2 lists the experimental
parameters. The other parameters were the same as those used in the analysis, which are given in Table

5.1.

5.5.2 Experimental Results for Motion-saving System and Reproduction System

Experimental Results with Same Distance to Environment

Figs. 5-10 and 5-11 show the experimental results when the motion saving and motion reproduction
systems had the same distance. The green dashed and black solid lines show the position and force re-
sponses of the master and slave systems, respectively. The red dotted and blue dashed-dotted lines show
the reproduced force and position responses of the proposed and conventional methods, respectively. The
yellow shaded areas represent areas where contact motions with the environment were conducted. Figs.
5-10 (a) and (b) show that position tracking and the “law of action and reaction” were realized between
the master and slave systems. Figs. 5-11 (a) and (b) show the errors of the position and force responses
(saved data minus reproduced data) in the X and Y directions, respectively. Although the proposed
method generated larger amplitudes for the position errors of the free motions than the conventional
methods, this is because force reproduction was prioritized over trajectory reproduction, as shown in
Fig. 5-10 (c). The trajectory was affected by differences of the neglected (uncertain) friction forces from
the motion saving phase because ag and a{ became small, and the EnvD suppression for position repro-
duction was low relative to that for force reproduction. However, the position errors were sufficiently
small because the surrounding environment for the free motions was not affected by the manipulators.
The position errors that appeared in the contact motions were caused by the difference in initial postures

of the manipulators. As shown by the position responses in Fig. 5-11 (a), the conventional method had a
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Fig. 5-10: Experimental results of motion extraction and reproduction with same environmental position.
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steady-state error caused by the difference as indicated by the aqua blue-dashed and red solid circles. In
addition, differences about the behavior of the uncertainties including nonlinear phenomena like friction
forces also have possibilities to have affected the reproduced motions. On the other hand, the proposed
method was able to return to the original trajectory because of the variable gains of ag in the force re-
production compensator. The conventional methods showed the deterioration in the reproduced force
responses, especially in the transient responses as shown in Fig. 5-11 (b). The deterioration was caused
by the variable position gain and lack of the proportional position gain K, because the MR in the X
and Y directions changed and deteriorated even under the same environmental conditions, as discussed
in the previous section. As a result, the contact forces to the environment were not reproduced prop-
erly. With the proposed method, there was almost no deterioration in the reproduced motions (especially
in the contact motions), and the force and position were reproduced precisely because it can improve
the EnvD suppression performance without degrading the MR. Based on the results, the conventional
methods cannot reproduce original motions even under the same environmental conditions because of
the deterioration in the MR. On the other hand, the proposed method can reproduce the saved motions

precisely because it can improve the EnvD suppression performance without degrading the MR.
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Fig. 5-11: Errors with same environmental position. (a) Position errors. (b) External force errors.
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Experimental Results with Farther Distance to Environment

Figs. 5-12 and 5-13 show the experimental results with a farther distance between the manipulators
and environment. The black solid, red dotted, and blue dashed-dotted arrows represent the time spans
when contact motions were conducted in the saving system, the proposed system, and the conventional
reproduction system, respectively. The brown-shaded areas represent the difference in the duration of
contact between the saved motions and the proposed method. The gray-shaded areas represent the differ-
ence in the duration of contact between the proposed and conventional methods. The aqua blue shaded
areas (A) represent the time span when the force compensator in the X direction was deactivated (by=0)
and the position reproduction was prioritized. The green-shaded areas represent the difference in the
distance to the environment between the saving and reproduction phases. Figs. 5-12 (a) and (b) show the
reproduced position and force responses. Figs. 5-13 (a) and (b) show the errors of the position and force
responses. The error for the proposed method in the first brown-shaded area of Fig. 5-13 (a) appears
because the environment exists in the farther position and manipulator step forward. After contact with
the environment, however, the manipulator tried to turn back to the original trajectory with the use of the
variable gains. For both conventional methods, the error converged too slowly to reproduce the contact
motions in the first gray shaded area. On the other hand, the proposed method was able to reach the
environment immediately, and the EnvD was suppressed well based on the force responses as shown in
Figs. 5-13 (a) and (b). After the first contact motions, an additional disturbance was added, as shown by
the yellow solid circles. Again, the conventional methods converged the reproduced force with the saved
force too slowly to reproduce the contact force properly. In this case, the conventional methods degraded
the force reproduction for transient motions even after the manipulator contacted with the environment,
as shown in the yellow-shaded areas. For the proposed method, because ag and a; became small with
the contact motions, the displacement against the additional disturbance was large compared to that of
the conventional method. However, the proposed method was able to quickly modify the trajectory and
reproduce the contact force properly, even in the transient phases. As a result, the contact forces could
be reproduced even after the disturbances were added. Another additional disturbance force was added
in the aqua blue-shaded area (A). As shown by the position responses in Fig. 5-13 (a), the proposed
method suppressed the disturbance well as an EnvD, even though it remained in the conventional (nor-
mal reproduction) method as a steady-state error. As shown by the aqua blue-dashed and red solid circles

in Figs. 5-12(b) and 5-13 (a), the velocity-based method failed to return to the original end point, but
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the proposed method was able to arrive at the end point because of the variable gains of the force repro-
duction compensator. As shown by these results, the proposed method was able to realize the desired

characteristics for force and position reproduction without changing (degrading) the MR, in contrast to

the conventional methods.
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Fig. 5-12: Experimental results with farther environmental position (a) X direction. (b) Y direction.
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Fig. 5-13: Errors with farther environment. (a) Position errors. (b) External force errors.
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5.6 Extension of EnvD Compensation to MDOF Cooperative Motion Re-
production

The last part clarifies the effect of difference about the environment between motion extraction and
reproduction phase by defining the EnvD. In addition, analysis and design strategy of the motion repro-
duction are described about single DOF systems. It is possible to apply the compensation method of
EnvD for a MDOF manipulator in 2 or 3-dimension cases.

Considering future practical realization, motion-copying system should be applied to human motions
in which operators manipulate tools or objects and contact with other environments by grasping them in
their hand. In order to realize such MDOF cooperative motions by robot manipulators, many researches
have been developed [118—120]. Robust controller for the cooperative motions based on DOBs also have
been developed [112,113,121,122] Not only single robot cases but also multi robot cases like a bilateral
control system have been developed for the grasping and manipulating tasks [123].

In the case of motion-copying system, the way of extraction and reproduction for the MDOF cooper-
ative tasks should also be considered. In order to obtain the general versatility of saved human motions,
slave systems should reproduce human motions even if the sizes of objects or distances to the target
environments are different from motion extraction phase. However it is still unclear how extract and
reproduce the MDOF cooperative tasks of operators and objects. This is because the difference about
the size of object itself affects the systems as EnvD. In addition, kinematic and dynamics are changed
compared to the extraction phase.

A conventional method which utilizes velocity information has been proposed for the cooperative
task reproduction [124, 125]. However, the method is validated just in single DOF (one dimension)
motions. The method also utilizes grasping manipulating modal transformation [123, 126—128], but the
transformation cannot decouple rotational motions and tasks for generating internal force. On the other
hand, a grasping matrix [109-111] can decouple the directions, but the method needs null space for
expressing the direction of internal forced. This is difficult to use for task descriptions. In addition,
velocity based method neglects to consider about the interaction of the grasped objects and the target
environment. It is necessary for MDOF cooperative systems to take back objects or tools and to convert
them in order to shift a task to the next one. The inherent property of velocity based method makes it
impossible to achieve such simple and fundamental tasks. Saved motion data of cooperative tasks has a

lack of versatility as a result.
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In order to deal with these problems, this part proposes a method for realization of MDOF cooperative-
task reproduction with EnvD. The modal transformation method and the grasping matrix based method
are integrated and expanded to “extended object space”. In addition, EnvD compensation is also extended
to the MDOF cooperative tasks. As a result, the general versatility of saved human motions is able to be

advanced.

5.7 Motion Extraction for MDOF Cooperative Task

The conventional extraction methods [123—128] for cooperative motions are suitable just for one DOF
(one dimensional) motions. This is because decoupling of internal force direction and rotational direction
are not considered. As a result, nonlinear tasks are not be able to be realized [129]. In order to extract
a rotational and an internal force direction independently, a novel coordinate system for human motion
extraction is proposed. In addition, an extraction method based on bilateral control is explained.

In this dissertation, following assumptions are made for the cooperative motions by MDOF manipu-

lators.

e Three-fingered cooperative motions by MDOF manipulators are considered

o Effects of gravitational terms are negligibly small when planer motions are considered
o Point contact at end effectors is realized.

e Grasped object has a rigid body (without deformation)

e If the grasped object in motion reproduction is the same as that of motion saving system, the

stability of grasp is guaranteed by motions of human operator in motion extraction phase.

5.7.1 Coordinate Transformation for Extraction of Human and Object Motions

This part, conventional modal transformations and grasping matrix are integrated and extended in

order to decouple grasping and rotational tasks and to deal with the all tasks as main tasks.
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Transformation to elemental motion components

A transformation of vectors form end-effectors to vectors for representing elements of cooperative

motions are described as

3
Xp = Y e Xw; (i=1,23) (5.74)
j=1
where
Xp1 = enXwi +ennXwa + e13Xws (5.75)
Xp2 = enXwi + enXws + e3Xws (5.76)
Xps = e Xwi +enXws + e Xws. (5.77)

The elements of the cooperative motions can be described by using a transformation matrix T'g as

follows:
Xp = TpXw (5.78)
where
b q p
al el sl
= a q a p
Ty = | 51 —5id —dhrad (5.79)
—= —AI BI
_ q T32TE1 1 cqa 1 cqa
[C 4 B} N [ﬁ ol m(‘*m) m(q—m)]. (5.80)

In and a, b, p and q are arbitrary constants. c is determined by norm of orthogonal projection vector
r23. X g1 corresponds to the center of the (grasping) motion. X g2 corresponds to the vector from X g
to Xyy1. X g3 corresponds to the vector from internally dividing point in Xy X3 (p: q) to Xwa.
A schematic figure of the transformation is shown in Fig. 5-14. By considering (5.78) and principle of

virtual work, velocity, acceleration and force vectors in the elemental motion space are obtained as

Xp ~ TpXw (5.81)
Xp = TpXw (5.82)
Fp = T 'Fy. (5.83)

As shown in (5.79), T'g corresponds to a third order Quarry matrix Q5 [127, 128] when a, b p and

q are 1 and c equal to zero. The conventional transformation based on modal transformation matrices
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Fig. 5-14: A schematic figure of the transformation to elemental motion components.

considered to require the orthogonality of each modes [126—128] for decoupling the modes. As shown in
chapter 4, however, this dissertation clarifies that the acceleration controller in modal space can realize

decoupling control independently from the structure of the transformation matrices.

Kinematics of Cooperative Motions by Robots and Grasped Object

A coordinate transformation from element vectors to the extended object space which represents inte-

grated motions of manipulators and grasped object is described as follows [129]:

T
Qo = [Xo ¥ A =Go (X5 Xk X) (5.84)

[XO A}T [XO R L}T: :XEl 1 X 2 \IXEgHr (5.85)

T —t - ___4E2
v = |poen =™ \(VEnog (5.86)

o = [1,!) 9 ez]T: [ap 9 <p+77:|T. (5.87)

X o represents the center of cooperative motions. ¥ corresponds to the rotational motion of the grasped

object. A corresponds to tasks for grasping motions. The coordinate integrates directions with respect
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to object motions and internal force direction. This means that both modal spaces and the object space
extended in the coordinate. Then, this coordinate system is defined as extended object coordinate. Re-
lationships of velocities and accelerations between the coordinate and grasping and manipulating modal
spaces are expressed by
Qo
Qo = EXp+EXp (5.89)

EdotX g (5.88)

where = is a Jacobian matrix of the proposed coordinate. A relationship of force vector between the

coordinate and grasping and manipulating modal spaces is also obtained as
——T T =TT
N=="TF,=|F, 14 FA] — =TT Fy. (5.90)

Description by Grasping Matrix

The grasping matrix [109—111] (or conventional Jacobian matrix for the object motions [112,113,121,
122]) also can describe cooperative motions by manipulators and grasped object. The grasping matrix is

described as below

I I I

G — (5.91)
| Ro1 Ro2 Ros
[ 0 Tz Tyi

ROi = T2 0 Tz (Z = 1’ 27 3) (592)
__Tyi Ty 0

where G, is the grasping matrix. The transformation of force and torque vectors by the grasping matrix

is expressed as follows:
T
Fo, = GuFw = |Fo 70| (5.93)
T
= [FOx FOy Fo. 10x TOy 7—Oz} . (5.94)

Additionally, transformation of position vectors are described by direct kinematics with respect to a

center of the motions as below

T
Qo, = Go, (Xw) = [Xo 60} : (5.95)

A schematic figure of the transformation by Grasping matrix is shown in Fig. 5-15. However elements

for approaching and grasping motions gotten involved in null space of G,.
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XWZ

Fig. 5-15: A schematic figure of the transformation by Grasping matrix.

If the grasping tasks have to be determined, the control reference for the manipulator is given as

Fiit = GLFS + (I - G,G) Fih. (5.96)

null

Therefore, if the grasping matrix is tried to be implemented for the motion reproduction, a part of ob-
tained human motions are lost in null space of the matrix because G, focuses on only object motion.
On the other hand, proposed coordinate include tasks for approaching grasping motions in A. There-

for, all DOFs can be assigned and object and manipulator motions can be described

5.7.2 Dynamics of Proposed Coordinate System

By using (5.89) and (5.90), motion equation in element modal space is transformed and dynamics in

extended object space is derived as

res res

Mo, Qo = N§' - N +Ho, Qo —E T I, h(g™, ¢) (5.97)

aco

where

Ho, = Mo, E+E T My Jaeod sn T ET. (5.98)

aco

M o,, is an equivalent mass matrix in extended mass matrix of manipulators.

Mo=2"T"J,"mJ T e (5.99)
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If the manipulators grasp the object, on the other hand, motion equation of the grasped object can be

expressed as follows:

Mo,Qo, = N&' — Ho, (5.100)
where
res T
Qo, = [Xo S 0] (5.101)
ext T
Ng = [Fo r 0] . (5.102)

Mo, and H, represent a mass and inertia matrix and Coriolis of the grasped object, respectively. By
adding (5.97) and (5.100), the dynamics of whole cooperative system including manipulators and the

object is obtained by

Mol ~ NY'+ Ho, O - N5~ Ho 5109
where
Mo = Mo, + Mo, (5.104)
. =TT 7-T res . res
HO = Hob‘l—-: TX Jacoh(q ,q ) (5105)
Ng = N - NG (5.106)

If the joint space DOB is implemented, the dynamics of extended object space is rewritten as follows:

. res res

MonQO :ngf—i_HO]\/jQO
—gi(s) (NS + Hp) = NS + Ho,, Q" (5.107)

Mo, =TT/ I. mJ.}

aco aco

Ty E™! (5.108)

n

where g%is(s) is a matrix which has high-pass filters on diagonal elements resulting from the DOB. The

second term in the right hand side of (5.107) is caused by coordinate transformations.

5.7.3 Motion Extraction by Using Bilateral Control

Motion saving system to extract information of cooperative motions is illustrated in this part. First,

the position (angle) and force (torque) information are transformed into common and differential modes
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as follows:
ext [ Arext ext T ext ext  <oext]T
Nt = [y N | =rngt =T [NGL N (5.109)
QI‘GS — res Qres :| QI‘GS — |: Qres QI‘eS :| (5] 10)
1 I
r = ] . (5.111)
I -1
N is estimated by RFOB. Control goals of motion extraction are same as that of bilateral control as
follows:
N = Now+Ngs = Ngd =0 (5.112)
ngs — Qres Qres _ Qcmd ) (5113)

In order to achieve these control goals, force controller and position controller are employed. Accelera-

tion references of each direction to realize these control goals are obtained by
Nl]r{aff = Cy <N?\Ifnd _ N%(t> — _(:']\[]\[‘]3\7[(t (5.114)
N = Cqls) <Qcmd Qbes) — —Co(5)Q (5.115)

where C' and C(s) represents a force (torque) servoing matrix and position (angle) regulator matrix,

respectively. The dynamics of the hybrid control system is described as follows:

MQTGS _ Nref+FHOMQreS (5.116)
M = T'Moy, I (5.117)

T
Nt — ppref — [Nﬁ\c}f Nlcf?ef} ) (5.118)

In order to realize an acceleration controller, the acceleration reference for the hybrid control and the
reference torque for joint space are given as follows:
f
Q5 = I 'M;IN™f (5.119)

ref

£ = mag™ =m J TY'E Qo (5.120)

aco

The process of constructing acceleration controller for the hybrid control is similar to the way shown in
chapter 5. If M, is set as an identity matrix, the decoupling control can be realized.

~res res

MQ" = MM,'N*™ +TH,,Q, (5.121)

M, Q" = N+ M,TM_;'Ho, Q5 . (5.122)
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Fig. 5-16: Block diagram of proposed motion reproduction method for MDOF cooperative task

The second term in the right hand side of (5.122) should be eliminated. However, calculations of the
term are complicated. In order to simplify the inverse kinematics of extended object space, the term is

considered as a disturbance term and eliminated by a DOB [84,97] as follows

- ref res

- dis res

Qo = ~My'Ho,Qo = Qon — Qo (5.123)
- ref ref is is dis

Qo = Qb + QY = G505 (5.124)

where Gd1S a matrix which has low-pass filters on diagonal elements. The decoupling control is achieved

as follows:

dis

M,Q"” = N™ - M,TG(s)Qp ~ N™, (5.125)

By using the above processes, bilateral control about each direction is achieved independently. As a

o ext . i
result, IV, and Q;,° are stored in the motion data memory.

5.8 MDOF Cooperative Motion Reproduction with EnvD
Kinematic Disturbance

A Particular problem to MDOF cooperative systems is considered in the following part.
NE! includes two force vectors. The one is a force vector NS applied on the end effector of
manipulators. The other one is a force vector N %% applied on a grasped object from environment. The

relationship is expressed as

Next Next 4 Next (5126)
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On the other hand, if the size of grasped object is changed in the motion reproduction phase, the external

force vector N ff}(t is different from IN ff“ as follows:
NG = NYOY 4 AN (5.127)

where AN is caused by difference about kinematics of a grasped object. The vector is described as

Fo
=—T gext I 0
AN = AE"F% = Fg=|ATty (5.128)
AFy
where & represents a Jacobian matrix corresponds to ¥ and A. This error force caused by difference of

the kinematics is defined as Kinematic Disturbance (KinD) and obtained by
N = AETF =271 (AXE) F§! (5.129)
= =T (X - X ) Py (5.130)

where 27 (o) represent that 2~ (e) is a function of the parameters. Conventional methods which are

discussed in the last part have deteriorations in rotational motion reproduction even if the grasped object
does not contact with environments in the extraction phase. This is because KinD equivalently brings on

additional EnvD in such a situation as follows:
dis __ S R,res Rext R res ext dis
N¢® =2Z2(s) 0. —Ng. ——AZQOS + N — N¥. (5.131)

Conventional methods tend to eliminate not only EnvD but also KinD because the methods cannot distin-
guish KinD and EnvD. The system changes the trajectory excessively in order to compensate the KinD
in addition to EnvD.

This means that original information of object motions is reduced to two- thirds of original DOF
in the two dimensional cases. In three dimensional cases, the situation will become serious because
three rotational motions which is the half of original DOF. Because of this reason, conventional methods

cannot deal with KinD and cannot realize appropriate reproduction for MDOF cooperative motions

5.8.1 Proposed Motion Reproduction for MDOF Cooperative Task

In order to reduce the deterioration of trajectory reproduction and to reproduce human interaction
force through the grasped object even if the size of the object or initial positions of the environments
are different, a novel motion reproduction method for MDOF cooperative systems is proposed in the

following part. This method also takes KinD into account.
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EnvD Rejection in MDOF Cooperative System

Differently from conventional approaches, proposed EnvD rejection methods can treat both EnvD and
KinD without deteriorating response characteristics because proposed method has feed forward struc-
tures.

In order to cancel the effect of KinD, KinD is estimated based on (5.130) by using saved and repro-
duced information of X g,res and X g,res successively. EnvD which the estimated KinD is included is

considered for compensations as follows:
N{*+N§® = ZI(5)Q0" - No{™ + N (.13

Because KinD should be treated as EnvD concerning about the internal force direction, however, calcu-
lated KinD should not be added. Force and Position compensators derived in chapter 2 are expanded to
the MDOF cooperative systems as follows:

dis

L = GPup(s)N, (5.133)
~_dis/
Ql., = GL.,(s)N." (5.134)
where
N = Gu(s) (Z30)QEr" - NG — Z28(9)QL, + N (5.135)
_ Ng,sext B Ng,sext " N;l{lb (5.136)

G?L,,(s) and GE, (s) are matrices which have compensators in each directions on diagonal elements

as follows: The acceleration reference vector in the motion reproduction phase is generated as follows:

- Rref CN o Sext ~_R.ext
Qs - (i N
C S S R o R.di
+Q2() (@5 + Qhup + QL — QET™) + Q5™ (5.137)

Compensation values are included in position command as shown in the second term. DOB of the
extended object space is implemented also in the reproduction phase. Once EnvD appears, the trajectory

vector of the grasped object in the motion reproduction is modified as

QL = Q" + Qlp (5.138)

As a result, the contact motion with environments trough the grasped object are reproduced. The Block
diagram of the proposed motion reproduction method for MDOF cooperative systems is shown in Fig.

5-16.
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Table 5.3: Experimental parameters for MDOF cooperative motion reproduction.

Parameter | Description Value
T sampling time 0.2 ms
Ky, force coefficient 40.0 N/A
Ky, torque coefficient 1.18 N/A
M, mass of linear motor 0.3 kg
In inertia of DD motor 0.00288 kgm2
Ky force control gain 0.9
K, torque control gain 70
K, proportional gain 3600
K, differential gain 120
g¥s, g™t | cut-off frequency of DOB and RFOB 350 rad/s
go cut-off frequency of extended object space DOB 15 rad/s

,

\

environment
d |

Fig. 5-17: Experimental set up for MDOF cooperative motion-extraction and reproduction.

5.9 Experiments of MDOF Cooperative Motion-Extraction and Repro-

duction

5.9.1 Experimental Setup for MDOF Cooperative Motion-Extraction and Reproduction

In order to confirm the validity of the proposed method, experiments of motion copying system by
using two manipulators are executed. Experimental setup is shown in Fig. 5-17. The manipulators are

composed by two linear motors and one rotational motor. As a grasped object, a cork block is used.

Slay I

ato"r 1
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ol conventional

Time [s]
(b)

Fig. 5-18: Grasping force responses of motion-reproduction system. (a) Grasping matrix based method.
(b) The proposed method.

Additionally, an aluminum plate is used for an external environment. Experiments for motion-extraction
and motion-reproduction in a two dimension and a three dimension are tested. In the case of the two
dimensional motion, responses of rotational motions (rotational angles) are measured by rotary encoder
which is fixed to the grasped object.

Parameters used in experiments are shown in Table. 5.3.

5.9.2 Experimental Results of MDOF Cooperative Motion-Extraction and Reproduction

Experimental Results of Two Dimensional Cases

Fig. 5-18 shows the reproduced grasping force responses with respect to the grasping matrix and the
proposed method. In the figure, the force response of the manipulator 1 in X axis is shown with respect
to the case of the grasping matrix because grasping motions are difficult to express by using the grasping
matrix. As shown in the figure, the grasping matrix based method deteriorates the force reproduction

accuracy even though the object is same as that of motion-saving system. This means the conventional
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Fig. 5-19: Rotational motion responses of motion-reproduction system based on the grasping matrix and
the proposed method.

method loses some motions obtained by bilateral control the null space. The deterioration of the force
reproduction results in the deterioration of the rotational motion of the grasped object as shown in Fig.
5-19.

On the other hand, the proposed method achieves the appropriate reproduction of grasping force and
rotational motions as shown in Figs. 5-18 and 5-19, respectively.

Fig. 5-20 shows the experimental result of the grasping motion with the smaller object with respect
to the proposed method. As shown in the figure, the proposed method achieve to adapt the difference of
the object size and to apply the adequate grasping force. Fig. 5-21 shows experimental results of rota-
tional motion with the comparison between the conventional method based on the conventional modal
transformation with the velocity based method and the proposed method. As shown in the figure, the
conventional method cannot achieve reproduce the rotational motion because of the rotational motion
and grasping motion are difficult to separate in MDOF cases. On the contrary, the proposed method can
reproduce rotational motion more precisely than the conventional method even though the size of object

is small.
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Fig. 5-20: Grasping force responses of motion-reproduction system based on the proposed method.

Experimental Results of Three Dimensional Cases

Figs. 5-22 and 5-23 show the experimental results by the proposed method for reproduction of the
grasping motion and contact motions to the environment with the smaller size object in three dimensional,
respectively. As shown in Fig. 5-22, grasping force is maintained even when contact motion to the
environment is conducted. As a result, contact forces are reproduced even though the distance to the
environment is different as shown in Fig. 5-23.

These results represent that saved human motions and object motions are appropriately reproduced
by the proposal even if the size of object is different. The validities of the proposed method can be

confirmed.
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Fig. 5-21: Rotational motion responses in motion-reproduction system with the comparison between the
conventional method and the proposed method.
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Fig. 5-22: Experimental result of grasping motion reproduction in 3 dimensional motions.
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Fig. 5-23: Experimental result of grasping motion reproduction in 3 dimensional motions.
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5.10 Summary of Chapter 5

This chapter showed the motion reproduction method based on EnvD compensation. Variances in the
environment between the motion saving and reproduction phases are regarded as EnvDs. The motion
reproduction and EnvD suppression performances were characterized. Compensation methods for both
position and force reproduction are proposed. With the proposed method, the EnvD in the force or
position reproduction can be summarily eliminated without the MR deteriorating because the proposed
method is based on a 2-DOF control structure with respect to the EnvD. The system performances of
the conventional and proposed methods were analyzed in terms of the MR and EnvD. It was found that
the proposed method can realize the reproduction of contact motions (forces) much more precisely than
the conventional methods with improving the EnvD suppression performance. Therefore, the proposal is
useful and necessary for obtaining general versatility of motion reproduction systems.

Additionally, the EnvD compensation is extend to the reproduction for the MDOF cooperative mo-
tions. In order to describe the MDOF cooperative tasks, a coordinate transformation to an extended
object space is introduced. The EnvD compensators are implemented in the proposed coordinate system.
As aresult, the general versatility of saved human motions is able to be advanced.

The experimental results showed the validity of the proposed method.

It is found that the fundamental principle and design framework for the motion reproduction system

was established in this chapter.
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Chapter 6

Expansion of Versatility of Stored Human
Motions

6.1 Introduction of Chapter 6

This chapter proposes a method for extending the general versatility of information from recorded
human-motions for precise and flexible human motion reproduction.

In considering future MCS applications for industries or general households, situations in which mo-
tion reproduction environments and devices differ from those of the motion saving phase must be taken
into account. Depending upon the mechanical characteristics and performance of the sensing devices,
undesired responses have a potential to occur. If control gains or bandwidths for estimation of distur-
bances are decreased, inappropriate responses may be suppressed. However, such a modification might
cause the deterioration of motion reproducibility (MR) described in chapter 5. Thus, the conventional
motion-reproduction system has a lack of versatility for the application of recorded human-motion re-
sulting not only from environmental variations but also from the limitations of devices that reproduce the
motions.

Therefore, by integrating the method described in former chapters, an integrative design method of
the motion-reproduction system for obtaining precision and flexibility with respect to dissimilar (in other
words, non-ideal) situations is required in order to extend the range of applications for stored human mo-
tions. The Kalman filter based hybrid controller described in chapter 4 is applied to both motion-saving
and motion-reproduction systems in order to maintain the high transparency of the bilateral control by

implementing a structure based on a hybrid controller using the proposed DOB. Additionally, the EnvD
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compensators shown in chapter 5 are introduced for obtaining the flexibility to the variation of the en-
vironment from the motion extraction phase. Furthermore, integration of the disturbance/external force
between the save and reproduction phases was described based on the concept of the position acceler-
ation integrated disturbance observer (PAIDO) [55]. The PAIDO is a kind of sensor integration of the
position and acceleration sensor for improving the estimation bandwidth of the force information. On
the contrary, this research integrates the temporally distinct stored and reproduced force information.
Information for the external force combines the higher frequency domain in the saving system and lower
frequency domain in the reproduction phase. This is because the estimation accuracy of external force
from the environment in the motion saving system is assumed better than that of the reproduction system.
In order to adapt the unknown disturbances and environmental variations, the actual disturbance/external
force is estimated as the highest domain possible using the Kalman filter-based approach described in
chapter 2. The EnvD compensation enables the combination of stored and reproduced force information
because an equivalent level of disturbance/external force is assured. Although the integration of saved
and reproduced force can be found in [130], this approach does not consider the simultaneous adapta-
tion to environmental variations and noise attenuations. The proposed method shown in this chapter is
realized by the integration of the techniques shown in the former chapters.

By the proposed method shown in this chapter, flexible and robust motion reproduction is realized
simultaneously against environmental variations and noise effects.

The validities of the proposal are confirmed by experiments.

6.2 Integration of saved and reproduced force information

This part explains the method for integrating the saved and reproduced disturbance/external force
information. The saved force information is assumed to be appropriately estimated because the motion
extraction has been accomplished successfully. Nevertheless, it is unclear whether the accuracy of the
estimation is sufficient, because the motion reproduction devices have a potential to be changed from
those of the saving phase.

Depending upon the characteristics of the device, a deterioration of the estimation is possible.

Therefore, this dissertation introduces a disturbance/external force estimation for the motion repro-
duction system in combination with the stored disturbance/external force information.

This method is based on the concept of the PAIDO [55]. The estimations of the disturbance and

_ 241 -



CHAPTER 6 EXPANSION OF VERSATILITY OF STORED HUMAN MOTIONS

external forces are expressed as follows:

S,dis
AR, dis 9kt FR,dis S FS,dis

Fog = sas [P T Fodis Tk 6.1)

S+ ok §+ okt
gS,ext s

HRext hskf AR ext FS,ext

Fg = Sext P + Rext Fre (6.2)
§ + Gnexs § + Gneks

where F', X, s, g, superscripts dis, ext, S, R, subscripts Int, skf and hkf represent a force, a position,
a Laplace operator, a cut-off frequency, a disturbance, an external force, saved information, reproduced
information, integrated information, a steady state Kalman filter, and an estimated value by high-order
Kalman filter, respectively. As shown in the above equations, this chapter utilizes the disturbance and
higher-order external force estimated by KFSOs shown in chapter 3.

For the higher frequency domain, the estimated variables in the motion saving phase are utilized be-
cause they are assumed to include lower noise effects. Yet, the lower frequency domain in the motion
reproduction phase is also utilized to adapt EnvDs and unknown disturbances. The bandwidth is com-
bined by using low-pass filters and high-pass filters, which have same bandwidth as steady-state Kalman
filters.

In accordance with the estimation of the higher-order external force, its time derivatives are also

estimated as
S,ext

o Ryext Ihskf 0 R,ext S : S,ext
Py = Sext |fnkt T ot Lokt | - (6.3)
$+ Gnekt 8+t Gnske

where e represents a time derivative.
Fig.6-1shows a block diagram for the integration. The motion reproduction system is constructed

based on the integrated information.

6.3 Implementation in Motion Reproduction System

The proposed method in chapter 5 can be applied to the controller of a motion reproduction sys-

tem. The saved master information and reproduced slave information are transformed to modal space as

follows:

FR,ext o FR,cxt FR,cxt T =T FS,Cxt FR,oxt T (6 4)
hkf - Fhkf Xhkf - mhkf sInt :

Iext - Rext - Rext T . Sext - Rext T

Frie {F Fhit F thf} =T {F mbkt Fsing } (6.5)

T T

Ryres __ R res R res _ S,res R,res

ka - {Xka Xka ] =T [kaf Xslnt :| (6.6)
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Fig. 6-1: Block diagram of the proposed method for integration of stored and reproduced external force

and disturbance.

where bold types, a superscript res, subscripts kf, m, s, F and X represent a vector and/or matrix, a

response value, an estimated value by Kalman filter, a master system, a slave system, a force control

system and a position control system, respectively. In the same way as for a bilateral controller in a

_243 —



CHAPTER 6 EXPANSION OF VERSATILITY OF STORED HUMAN MOTIONS

motion-saving system, the slave-side acceleration reference is given by

< R,ref 1 ~ R.ext ~ R.ext tdd i R.res ~ S,dis
X ) [_KprFhkf — KqF iy — DEC(s) X g™ + APkt
. Ryres . ~ S, di
+ Kp (X)R;’lz(fas + Xgmp + Xgmp) + KU (‘)(Xk?b + X(J:vmp + X{:)mp) - AX 1S:|
. f .
+X cp + X (6.7)

- R ref . .
where, X UK i Kra, Kp, Ky, Adis, Dﬁ?d(s), X cmp, superscripts f and p represent an accelera-

tion reference, a proportional force control gain matrix, a derivative force control gain matrix, a position
control gain matrix, a velocity control gain matrix, an estimated disturbance in hybrid controller [97], a
diagonal matrix with frequency domain damping [28], a compensation value of the EnvD compensator,
force compensation and position compensation, respectively. In (6.7), 1/2 corresponds to the recipro-
cal of the determinant about I'. In (6.7), the novel disturbance observer for hybrid control based on
Kalman filter in force control system is extended to higher-order disturbance estimation of A}is;f The
disturbance terms in hybrid controller is added as feed forward terms.

In the motion saving phase, the Kalman filter based DOB for force control systems are extended for
the high-order disturbance estimation. The model of state space equation for the higher-order disturbance

estimation is expressed as follows:

h

Zp(t) = ARZE() +BRUL(L) + v(1) (6.8)

A ex ; - hdis T
Zp(t) = {MFFA;stkf ARt A}J;d } (6.9)

= h A ex < hdis - hdis1T
Zp(t) = [U'FFP;stkf A}}d A}fvd ] (6.10)
Uty = Xt 6.11)
Yh(t) = hZh(t) +wh (6.12)

where
T

0 -I0 I I
Ah=10 o0 I|,Bt=10|,ct =10 (6.13)

0 0 O 0 0

In the above equations, t Z, U, P, A u, v, Y w, a superscript h represent a time, a state vector,
an input vector, an equivalent disturbance through high-pass filter [97], a value of integral for P, an
element of inverse matrix of an equivalent mass matrix [97], a system noise, an observation vector and

an observation noise, respectively.
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In addition to the hybrid control based structure, the EnvD compensation is also introduced. The
compensation values for EnvD is also utilized the integrated information.
The saved force and position are reproduced using (6.7). The proposed structure realizes flexible and

robust motion reproduction against the environmental variations and effects of noises.

_245 -



CHAPTER 6 EXPANSION OF VERSATILITY OF STORED HUMAN MOTIONS

—

Motion-saving device ||Motion-reproduction device

Fig. 6-2: Experimental set up for motion saving and reproduction systems

6.4 Experiments of Motion-Saving-System and Motion-Reproduction Sys-
tem with Different Device

6.4.1 Experimental Setup for Motion-Saving-System and Motion-Reproduction System
with Different Device

Fig. 6-2 shows a single DOF manipulators for motion extraction and reproduction. Same type manip-
ulator is utilized both in the master and slave systems for storing motions.

The other type of manipulator shown in right side of Fig. 6-2 is utilized for motion reproduction at
slave side.

In addition to an experiment for motion-saving system, three cases of experiments for motion repro-

duction are tested as follows:

1) Motion reproduction system based on conventional DOB and RFOB based structure without EnvD

compensators

2) Motion reproduction system based on the proposed hybrid control structure without integration of

force information
3) Motion reproduction system based on the proposed method.

Parameters used in the motion saving and reproduction experiments are shown in Table 6.1. The

bandwidth of the DOB and RFOB are set as the same value of KFSOs in motion-saving system.
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Fig. 6-3: Positron and force responses of the motion-saving system.

Table 6.1: Experimental parameters of motion-reproduction systems with different structure

Parameter | Description Value
T sampling time 0.2 ms
K, proportional gain of position control 10000
K, differential gain of position control 200

Ky, proportional gain of force control 50
Kyq differential gain of force control 0.05
g}iﬁm bandwidth of high-order RFOB in saving phase | 765 rad/s
gff'dis bandwidth of high-order DOB in saving phase | 765 rad/s
ﬁf‘t bandwidth of high-order RFOB for integration | 400 rad/s
gff’dis bandwidth of high-order DOB for integration 400 rad/s
Jr bandwidth of DOB in force control 86 rad/s
gx bandwidth of DOB in position control 100 rad/s
dp damping coefficient of FDD 100
gfdd bandwidth of FDD 100 rad/s
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Fig. 6-4: Position and force responses of motion reproduction with conventional DOB based structures.

6.4.2 Experimental Results of Motion-Saving-System and Motion-Reproduction System
with Different Device

Fig. 6-3 shows experimental results for the motion-saving system. As shown in the figure, the ap-
propriate extraction of human motion can be confirmed. This figure also indicates that the higher order
Kalman filter estimation can be applicable to the hybrid controllers. Fig. 6-4 shows the experimental
results with the motion-reproduction system based on conventional DOB- and RFOB-based structure
without EnvD compensators (case 1) As shown in the figure, the effect of noise is enlarged and an unde-
sired response occurs. Additionally, the method cannot adapt to the variation of the environment.

Fig. 6-5 shows experimental results with the motion-reproduction system based on the proposed
hybrid control structure without integration of force information (case 2). The method achieves adapting
the difference of distance to an environment. However, the method still enlarges the noise effect even
though the Kalman filters are used.

Fig. 6-6 shows the experimental results obtained with the motion-reproduction system based on the
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Fig. 6-5: Position and force responses of the motion reproduction without integration of force informa-
tion.

proposed method using (6.7). It is found that the reproduced position and force responses closely follow
the responses in the motion-saving system. As a result, the recorded human motions are reliably repro-
duced. It is confirmed that recorded human motions can be reproduced accurately while maintaining
high transparency of the bilateral control obtained by the hybrid controller, based on the acceleration
controller using the proposed DOB. Furthermore, the effect of the integration of the force information
can be confirmed.

These results validate the proposed method.
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6.5 Summary of Chapter 6

This chapter described a proposed method for extending the general versatility of information from
recorded human-motions by integrating the method described in former chapters. The Kalman filter
based hybrid controller described in chapter 4 was applied to both motion-saving and motion-reproduction
systems in order to maintain the high transparency of the bilateral control by implementing a structure
based on a hybrid controller using the proposed DOB. Additionally, the EnvD compensators shown in
chapter 5 were introduced for obtaining the flexibility to the variation of the environment from the mo-
tion extraction phase. Furthermore, integration of the disturbance/external force between the save and
reproduction phases was described based on the concept of the position acceleration integrated distur-
bance observer (PAIDO) [55]. Information for the external force combines the higher frequency domain
in the saving system and lower frequency domain in the reproduction phase. In order to adapt the un-
known disturbances and the environmental variations, the actual disturbance/external force is estimated
as the highest domain possible using the Kalman filter-based approach. The EnvD compensation en-
abled the combination of the stored and reproduced force information because an equivalent level of
disturbance/external force is assured.

By integrating and applying the methods shown in the former chapters to a motion reproduction sys-
tem, flexible and robust motion reproduction was realized against environmental variations and the ef-
fects of noise.

The validities of the proposal were confirmed by experiments.

The proposed integrated design for the motion-reproduction system will innovate the versatility of

human motions.
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Chapter 7

Conclusions

This dissertation proposed methods for estimation and compensation of high-order disturbance with
noise attenuation to realize precise and flexible motion control systems including position/force hybrid
control for the bilateral control systems and motion reproduction systems. Not only the disturbance
suppression in an actuator, but also disturbances in multi-degree-of-freedom (MDOF) systems and en-
vironmental variations were included in category of aims in this dissertation. This dissertation focuses
on the disturbance and noise attenuation to realize precise and flexible motion control systems including
position/force hybrid control for the bilateral control systems and motion reproduction systems.

This dissertation addressed on higher-order disturbance estimation with considering stochastic behav-
ior for noise suppression based on Kalman filters. Additionally, higher-order time derivatives of the
disturbances were actively utilized for the performance improvement of the control systems.

A novel disturbance observer was introduced in this dissertation in order to improve performance of
the position/force hybrid control systems including bilateral control. By using the proposed approach,
the decoupling control, performance improvement of hybrid control and the simplification of controller
design were achieved. Moreover, the novel disturbance observer was combined with a Kalman filters
and extended for higher-order disturbance estimation.

This dissertation also realized flexible and stable force control system by focusing on the similarity
between two mass resonant system and force control system. To construct the force control system,
parameter variations of environment were defined as EnvD . The estimated higher-order disturbance
and its time derivatives were utilized also for suppressing the EnvDs. Furthermore, the difference of

environment between motion saving phase and reproduction phase were also regarded as a kind of EnvD.
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The general framework for the motion reproduction based on compensation of EnvD was established in
this dissertation.

Moreover, the proposed high-order disturbance estimation in actuators and environments was inte-
grated for the motion reproduction system for flexible adapting the difference with respect to not only
environment but also reproduction device itself.

In chapter 2, models of the high-order disturbances with considering stochastic behavior in actuators
and environments were defined to clarify effects of noises in the estimation.

Chapter 2 also showed a fundamental approaches for designing KFSO based on the proposed mod-
eling. A high-order disturbance observer based on a Kalman filter for realization of the precise force
control was also shown.

By the proposed tuning structure, the numbers of parameters that have to be determined were reduced
from nine to two parameters because the time derivative of system noise in torque dimension is taken
into consideration in the disturbance model. Furthermore, the structure of Kalman filter-based external
torque estimation without using nonlinear Kalman filter was proposed. In addition, the relationships
between the two parameters were confirmed by utilizing the steady-state Kalman filter. It is observed
that the Kalman filter is not able to estimate the disturbance/external torque appropriately if the tuning
of the covariance matrix is failed by regarding the parameters in @) as just the gains of the Kalman filter.
Experimental results validated the tuning method and analytical results.

Furthermore, this chapter also showed a method to improve the performance of a reaction torque
control system by using a high-order disturbance/reaction torque estimation based on a Kalman filter.
The proposed method can realize a reaction torque control system by using a proportional-derivative
controller. It was confirmed that the proposed proportional derivative controller for the reaction torque
can improve control system performance while suppressing the noise effect. This is because the es-
timated variables by the proposed Kalman-filter-based high-order disturbance/reaction torque observer
are utilized in the PD controller. The observer can estimate the disturbance/external torque and its time
derivative with lower noise levels than conventional DOBs or RTOBs.

Chapter 3 showed the method for stable contact motions for force tracking control based on the con-
cept of resonance ratio control.

The similarity in the structure for admittance control for contact motions and two-mass resonance
systems was derived. From the similarity, it was found that the concept of resonance ratio control is

applicable to force tracking control. Based on the concept of resonance ratio control, an admittance con-
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troller for contact motion with the EnvD compensation was proposed. By using the proposed method,
vibration suppression during contact motion was realized even if the environment had no, or insufficient,
viscosity. The response characteristics of contact motion for force tracking control can be determined
arbitrarily by the proposed method. The proposed method enables to determine the parameters for ob-
taining stable contact motions and to maintain the fine control stiffness for the force control system.
This part also considered utilizing the higher-order derivative terms in compensation for environmental
disturbance. For the compensation of the environmental disturbance, only the zero order term inverse
system was considered in order to avoid enlarging noise effect by implementing time derivatives of es-
timated environmental disturbance. The higher-order terms of timed derivatives were neglected also for
the compensation of load disturbance in the two mass resonance system. In this chapter, the high-order
EnvD was estimated by a Kalman filter including higher-order time derivatives of the EnvD. The esti-
mated variable of the proposed Kalman filter based high-order environmental disturbance observer can
be utilized for the compensation without enlarging noise effect in time derivatives.

Chapter 4 described a hybrid control system based on an acceleration controller in the modal space,
which is capable of realizing decoupling control and performance improvement of the bilateral control
system. This chapter showed how an acceleration controller can realize decoupling control in the modal
space. Furthermore, a novel disturbance observer for enhancing the performance of an acceleration
controller is proposed. Differently from the conventional hybrid controllers, the proposed controller
does not affected by the variation of manipulator configurations except for neighborhood of a singular
point because the structure of the proposed method is based on the acceleration controller.

Moreover, the proposed method was extended for the redundant systems and integration of the Kalman
filter based disturbance estimation is also proposed. The proposed method can realize simplification of
the inverse kinematics, decoupling of null space, enhancing performance and noise suppression in the
hybrid controller simultaneously. The proposed method was applied to a scaled bilateral control system
with a redundant manipulator.

Chapter 5 showed the motion reproduction method based on EnvD compensation. Variances in the
environment between the motion saving and reproduction phases are regarded as EnvDs. The motion
reproduction and EnvD suppression performances were characterized. Compensation methods for both
position and force reproduction are proposed. With the proposed method, the EnvD in the force or
position reproduction can be summarily eliminated without the MR deteriorating because the proposed

method is based on a 2-DOF control structure with respect to the EnvD. The system performances of
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the conventional and proposed methods were analyzed in terms of the MR and EnvD. It was found that
the proposed method can realize the reproduction of contact motions (forces) much more precisely than
the conventional methods with improving the EnvD suppression performance. Therefore, the proposal is
useful and necessary for obtaining general versatility of motion reproduction systems.

Additionally, the EnvD compensation is extend to the reproduction for the MDOF cooperative mo-
tions. In order to describe the MDOF cooperative tasks, a coordinate transformation to an extended
object space is introduced. The EnvD compensators are implemented in the proposed coordinate system.
As aresult, the general versatility of saved human motions is able to be advanced.

The experimental results showed the validity of the proposed method. It was found that the fundamen-
tal principle and design framework for the motion reproduction system was established in this chapter.

Chapter 6 described the method for expanding the versatility of the saved human-motions by inte-
grating the method described in former chapters. The Kalman filter based hybrid controller described in
chapter 4 was applied to both motion-saving and motion-reproduction systems in order to maintain the
high transparency of the bilateral control by implementing a structure based on a hybrid controller using
the proposed DOB. Additionally, the EnvD compensators shown in chapter 5 were introduced for ob-
taining the flexibility to the variation of the environment from the motion extraction phase. Furthermore,
the integration of the disturbance/external force between the save and reproduction phases was described
based on the concept of the position acceleration integrated disturbance observer (PAIDO) [55]. Infor-
mation of the external of the higher frequency domain in saving system and lower frequency domain in
the reproduction phase was combined. In order to adapt the unknown disturbances and the environmen-
tal variations, the actual disturbance/external force as higher domain as possible is estimated by Kalman
filter based approach described in chapter 3. The EnvD compensation enables the combination because
a same level of the disturbance/external force is guaranteed by the compensation.

The designed KFSOs for estimation of high-oder disturbance shown in chapters 2 and 3 including
zero-th, first and second-order disturbance have -20 dB/dec gradient in higher frequency domain with
respect to noise sensitivity, although the conventional method has almost zero gratitude. This means
the Kalman filter based disturbance estimation based on the proposed strategies can achieve better noise
suppression performance than the conventional methods. Therefore, the proposed method will contribute
the extension of the application of the disturbance estimation because the proposed method will able to
be applied for the sensing devices with low performance but low costs.

By integrating and applying the methods shown in the former chapters to a motion reproduction sys-
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tem, the flexible and robust motion reproduction was realized against the environmental variations and
effect of noises.

The framework derived in this dissertation for the estimation and compensation of high-order dis-
turbance will play an important role for further improvement of performance of industrial applications.
General versatility of the motion control systems in open environment will be enhanced by the concept
and techniques which were proposed in this dissertation.

Although this dissertation assumes the observation noise and process noise to be the normal white
noise, the extension of the proposed high-order disturbance estimation for the noises with the different
characteristics should be considered. Additionally, the noises are also assumed not to have a correlation.
Therefore, the noises with the correlation should also be dealt with by extending the proposed method.

With respect to the disturbance model, this dissertation assumes the disturbance to be modeled by a

polynomial. The other type of the disturbance should also be addressed as a future subject.
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AppendixA

Application of Environmental Disturbance
Compensation for Motion Training System

A.1 Background of This Part

This part shows an application of EnvD compensation for training system based on recorded human
motions [131].

Besides reproduction, the MCS is also anticipated to be applied to training [132] and power assist
systems [52] to pass techniques down to younger generations and for rehabilitation with robots [53, 54].
However, the conventional motion reproduction system is composed by only a slave system [88, 89],
so that human action force of the operator and reaction force from environments cannot decoupled. In
addition, if environmental impedance or location of the environment is different, saved motions can-
not be reproduced appropriately [46]. As a result, training with touching actuators is difficult because
both appropriate trajectories and forces of trainer are not able to be presented for the trainee. This fact
means that reproduced motion becomes different from motions of saved trainer if trainees perform the
inadequate motion.

Furthermore, the trainee is subject to constraints from the time frame of the saved motions. The mo-
tion reproduction system will have finished reproducing saved motions of trainer even though the trainee
does not perform appropriate motions because of the constraint. In order to deal with these problems, this
part proposes a motion reproduction system for realization of the motion training system. The proposed
method decouples the motion reproduction system to master and slave systems. A slave system is driven

by motion data memory and act on actual environment. On the other hand, master side is manipulated by
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trainee with kinesthetic feedback from slave side. By employing the dual motion reproduction structure,
the proposed system partially resolves the constraint of motion reproduction shown in (5.19). For exam-
ple, the slave system can reproduce contact motions even though the environmental condition is different
from the saving phase, because the trainee interacts with not the slave side but the master side.

In addition, in order to correct inappropriate factor of trainee motions, compensators in position, force
and time domains are introduced for a disturbance force caused by the trainee. The structures of the
compensators are based on an admittance control (a position base impedance control). The admittance
control attracts attention as applications for power assist control systems [52] and rehabilitations [53,54].
In this part, the concept of the admittance control is extended to the not only a spatial domain but a
temporal domain. By using a compensation value generated by the temporal admittance controller, the

trainee can train independently from the time frame of the saved motions.

A.2 Proposed Motion Training System Based on Dual Motion Reproduc-
tion System

A.2.1 Definition of Trainee Disturbance

If MCS is intended to be utilized for a motion training system, conventional reproduction system is
inadequate because a trainee directory interact with the system and EnvD is generated invariably. In

order to deal with effects of a trainee, trainee disturbance (TraD) FtdiS is defined as follows:

Fls = Bl 4 75 () X pm (A1)
= Fyest — PRt 4 75(5) X o m- (A.2)

Characteristics of this disturbance are same as EnvD. The emergence of TraD represents that the trainee
does not perform appropriate motions which is different from saved motions of the trainer. Compensators

for TraD are able to construct as the same structure of the EnvD compensators as follows:

~

Xg)mp,m = _mGlt(S)Ftdis = Gfgmp’m(s) tdis (A.3)
bf ~ 2 ..
Xf = 7mGlt(S)Ftdls = Ggmp,m(s) tdls' (A4)
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A.2.2 Temporal Admittance

In an initial phase of the training, it is better for trainee to follow the saved motions of trainer iter-
atively. However, a trainee should not be subject to constraint of a time frame of the saved motions if
the degree of proficiency is improved. In order to modulate the updating time of the saved motions,
following acceleration of the command value for updating data time 7°™9 is introduced as

d72Tcrnd — { 1 (Ftdis = 0)

2 0 (Ffs#0) (A

When the TraD is not generated, the acceleration arises and the time of saved motion is updated as shown
in (A.5). However, (A.5) shows the ideal case. Frictions or other unknown forces perform as the TraD in
actual case and the update of saved time is wrongly stopped. Because of this reason, the acceleration is
approximated by using a sigmoid function as follows:

dZTcmd B 1 1

B A6
t? 1+ e[glf(s)ﬁtdis—ﬂim] [9{(3)F3i5+F1im] (A.6)

1+e

where Fij;p, is a limitation of the forces and glf (s) represents the low-pass filter for preventing the chat-
tering. In the discrete time space, the acceleration of time is integrated and the command value of time

is derived as

iTcmd(k_) — iTcmd(k _ 1) + ﬁTcnldT (A 7)
dt dt dt? ° '
d
Tcmd(k,) — Tcmd(k _ 1) + LaTcmd(k)JTs (A.8)

where | o] is a floor function. In addition, a compensation value for the time domain is also introduced
to prevent the loss of saved motions when the TraD is generated. In order to generate the compensation
value, temporal impedances are derived as

2

2 b d d
Ftdls = MT@tcmp + DT%tcmp + Kthmp (A9)

where M7, Dy and K represent a temporal mass, a temporal viscosity and temporal stiffness. By using

(A.9), the compensation value of the time Ty, (k) is derived as

temp = // d—Qt dtdt = ﬁtdis (A.10)
amp a2 P N Mrps?2 + Dys+ Kr ’
Temp(K) = [Bptemp] = [0, Gl cmp (8)F7 (A.11)
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Fig. A-1: Whole block diagram of the proposed motion training system.

where bl is the coefficient to change the sign of tcmp, and to inactivate the compensation while the Temd

is activated as follows:

b, =1- ! = :
[of () F5ts— Fiym [of () P+ Fin|

m

(A.12)

1+e 1+e

An input value of time domain in the motion reproduction is given by using 7™ (k) and Ty (k) as
TR = T k) + Topp (k). (A.13)

By setting the input value of time as (A.13), the compensation of time domain is realized by Tepmp (k)

that generated from temporal admittance controller.
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A.2.3 Dual motion Reproduction System for Motion Training Based on Spatiotemporal
Admittance Control

In order to apply MCS for the motion training, a dual motion reproduction system is proposed in this
part. Control systems based on a motion reproduction system with the EnvD and TraD compensators and
a temporal admittance controller are constructed not only in a slave system but also in a master system.

The acceleration references of the master and slave systems are given as follows:

Xﬁ,ref _ Cf <_F§,ext (TR) . Fﬁ,ext) + Xcmp,m
—I-Cp(S) (Xcmp,m + Xf’reS(TR) _ Xﬁ,res) (A.14)

Xf,rof _ Cf (_Fﬁ,cxt(TR) - FSR’OXt) + Xcmp,s

+Cp(5) (Xemp,s + X" (TT) = X[07%) (A.15)
XCIHPJ” = X(Z:)mp,m + bﬁngmp,m + bnggcmp,s (A16)
Xemps = XBp s + I XS0 S+ 6L X0 0 (A17)

The relationship of the position responses, saved data, EnvD and TraD are expressed as

Xﬁ,res = X;S',res (TR + Ggmp,m(s)ptdis + Ggmp,em(s)pedis (Alg)
XSR,res = qu{res(TR + G({mp,s(s)ﬁ’edis + Gfmp,ts(s)ﬁ‘tdis‘ (A19)

By adjusting the filters G(mep(s), desired structures of the training system are realized. Additionally, the

trainee can manipulate environment through the master and slave system.

Trajectory Training

Because it is difficult for trainee to apply adequate force in the initial phase of the training, master
system should be robust against TraD if trajectory is tried to be taught. On the other hand, slave system
should adapt environmental variation which is a difference of the distance to an environment, for exam-

ple. Because of these reasons, following control goals and conditions of the coefficients b/ should be

satisfied
X;S,;res(Tcmd) + X(J:cmp,s _ XnI?L,res _ Xfmes (A.20)
FS,ext (Tcmd) _ _FS,ext (Tcmd) _ FR,ext (A 21)
m s s .
ol =bf =1,bl = bl =0 =o0. (A.22)
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In this case, the EnvD suppression performances at slave the side are described as follows:
Gﬁ,s(S) -0 (A.23)
Gg’s(s) = 1. (A.24)
On the other hand, the TraD suppression performances at slave side are expressed as follows:
Gﬁ,m(s) -1 (A.25)
szm(s) = 0. (A.26)
Force Training

In the force training phase, trainee should feel operating force which operator added to the master
system in motion saving phase. The following control goals and conditions of the coefficients b/ should

be satisfied
FT%eXt (TR) _ Fnlj,ext _ _FSS',ext (TR) _ _FSR,ext (A.27)
ol =/ =bl =10/, =0 (A.28)
In this case, the EnvD suppression performances at slave the side are described as follows:

Gl (s) =0 (A.29)

Gis(s) = 1 (A.30)
On the other hand, the TraD suppression performances at slave side are expressed as follows:

Gloa(s) =0 (A31)

Gl (s) = 1. (A32)

By implementing force compensator at the master side, force reproduction can be realized even though
trainees operate master system inadequately. The trainee can learn motions of the saved trainer passively

by using the trajectory and fore training system.

Active Training

After the initial phase of the training, trainee should train with activeness to the motions. In order to

realize the active training, the control stiffness about Ftdis should be changed according to the learning
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level. By setting the coefficients b/ = 1, following control goal is realized.

Xﬁ,ros — X%rCS(TR)+Xf

cmp,m

_ X;S‘,res(TR)+Xf

cmp,s

= Xfi,res (A.33)

As shown in (A.33), if the trainee generates inappropriate forces compared to the trainee, chmpm is acti-
vated and trainee can recognize the inaccuracy through impedance of Zcfmp,m (s). However, trainees also
have to feel the impedance of the environment. For this reason, stiffness and dampers of the admittance

controller should have variable gains about the slave side force as follows:

_ f S,ext?2 R,ext2

Kl = Kl = ke aGf (s) (PO 4 o) (A34)
_ f R,ext?2

Dl = Do = dfe 2O, (A.35)

where &/ and df and « are positive constants. By using these gains, control goals of the bilateral control

as shown in (A.36) and (A.37) are established as follows:

XIS = XIS XIS = (A.36)
F;Xt — F&Xt +F§Xt =0. (A37)

In this case, trainee can recognize impedance of the environment in the contact motions. If the values of
the stiffness and dampers are gradually reduced and the stiffness and dampers are set to zero as in the

final phase of the training, the training system becomes a bilateral control system as

Xﬁ,res - XSR,res -0 (A.38)

Frls,ext 4 FSR,GX‘B =0. (A39)

In this case, M(fmp acts as a force control gain. The whole block diagram of proposed method is shown

in Fig. A-1.
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Slave system

Environment
|(Aluminum Block)]

Fig. A-2: Experimental setup for motion training systems.

A.3 Experiments for Motion Training Systems
A.3.1 Experimental Setup for Motion Training Systems

In order to confirm the validities of the proposal, experiments about the motion-saving system and the
training system are conducted. An experimental setup is shown in Fig. A-2. Master and slave system
are composed by linear motors. Free motions and contact motion to an aluminum block is performed.
The environmental position is set 10 mm farther than that of saving system in the experiment of motion
training system. As a comparison, an experiment of the conventional motion training system based on

multilateral control system [132] is applied. The acceleration references of the conventional method are

given as
Xﬁ,ref — Cf (—0.5F£76Xt _ Fn%ext _ FSR,ext) + Cp(s) (XsR,res _ Xﬁ,res) (A.40)
Xg,ref — Cf (—0.5F£’6Xt _ ﬁ;i,ext _ FSR,ext) + Cp(S) (Xi,res _ Xf,res) ) (A.41)

One of the master systems in the multilateral system is regarded as the trainer (saved data). Parameters

of experiments are showing in Table A.1.
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Fig. A-3: Experimental result of motion saving system for the extraction of trainer motions.

A.3.2 Experimental Results for Motion-Saving and Training Systems

Motion Saving System

The experimental result of motion saving system is shown in Fig. A-3.The gray shaded area represents
the span where the free motion is conducted by the operator (trainer). On the other hand, contact motions
to the environment are executed in the yellow shaded area. It is found that force and position responses

show good tracking and the motions of the trainer are appropriately extracted.

Motion Training Systems

Fig. A-4 (a) shows the experimental result of the conventional method. As shown in the gray shaded
area, the trajectory is different from both saved motions and slave motions if the trainee adds the inap-
propriate force compared to the saved trainer motions. As shown in the blue shaded areas, additionally,
the slave system cannot adapt the difference of environmental position and contact motions are not re-
produced. As a result, operator cannot train with checking the actual reproduced motions. From these

results, conventional training system based on the multilateral control system is difficult to apply the
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Table A.1: Experimental parameters of motion extraction and training systems.

Parameter | Description Value
T Sampling time 0.1 ms
Ky, Force coefficient 40.0 N/A
M, Mass of linear motor 0.3 kg

Ky Force control gain 1.0
K, Proportional gain 2500
K, Differential gain 2\/71)
gdis Cut-off frequency of DOB 1000 rad/s
gt Cut-off frequency of RFOB 1000 rad/s
Mcfmp Mass of Compensator 0.5
dgmp Damper of Compensator 40
Ks Parameter of stiffness (slave side in trajectory training) 0
K Parameter of stiffness (otherwise) 1000
o Parameter of stiffness 50
Flim EnD force limitation 0.8N
My Mass of temporal admittance 1x1074
Dy Damper of temporal admittance 1
Kr Stiffness of temporal admittance 10

training system with utilizing saved human motions. Conversely, the proposed method for trajectory
training without temporal compensator can track the original trajectories and the slave system succeeds
to adapt the difference as shown in the Fig. A-4 (b).

Fig. A-5 shows the experimental results of the proposed method with the space and time domain
compensators. Fig. A-5 (a) shows the force and trajectory responses of the trajectory training phase.
As shown in the figure, updating of the saved motions are activated only when the trainee adds the
appropriate force to the master system. The trainee can learn the trajectory by applying the force as he
can manipulate the system smoothly. Fig. A-5 (b) shows the experimental results of the force training.
The force response of the trainee side shows the good tracking to the saved force of the trainee. The
trainee can feel the force that trainer applied to the master system in the motion saving phase. Fig. A-6
shows the experimental results of the proposed spatiotemporal domain admittance control. As shown
in the gray shaded area, trajectories of the master and slave systems show good tracking and trainee
can recognize the admittance when inappropriate force are applied. In the yellow shaded areas, trainee

can recognize the environmental impedance by grace of the variable gains because control goals of the
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trajectory tracking and law of action and reaction are realized. Additionally, because the offset in the
time domain is generated by the temporal admittance controller, trainee can train independently from the
time span of the saved motions.

Fig. A-7 shows the experimental results of the active training based on the spatiotemporal domain
admittance control without the stiffness and damper of the compensators. As a result, both trajectory
tracking and realization of the law of action reaction are well achieved and the bilateral control is con-
ducted. Figs. A-5 and A-7 show that the constraints from the system against the motions of the trainee
are able to adjust according to the learning level by tuning the admittances. From these results, validities

of the proposal are confirmed.
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Fig. A-4: Experimental results of the motion training systems. (a) Conventional method. (b) Proposed

method without temporal admittance control.
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Fig. A-5: Experimental results of the proposal with space and time domain compensators. (a) Trajectory
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Fig. A-7: Experimental results of the proposal (bilateral controller).
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A.4 Summary of This Part

This part proposed a dual motion reproduction system for realization of motion training system based
on the spatiotemporal domain admittance control. In order to apply the MCS to motion training systems,
the structure of dual motion reproduction system was introduced in which the structure based on a motion
reproduction system was constructed not only at the slave system but also the master system. The slave
system reproduced motions of trainer and acts on the actual environment with transmitting the difference
of trainee’s motions form the trainer by the spatial admittance control. As a result, the trainee was able
to notice the difference of the motions from the trainer by the admittance. Simultaneously, a trainee was
able to follow the saved motions of trainer and feel forces which trainer added to the system by using the
space and time domain compensators based on the admittance control. In addition, the trainee was able
to train independently from the time frame of the saved motions by grace of the time domain admittance
control. Experimental results showed the validity of the proposed method. As future subjects, indexes for
motion training by using the proposed method should be considered. Evaluation for the training system

also should be conducted by executing actual training.
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