
邦文概要

Fundamental Research on Human-friendly Motion Control

（人間親和型モーションコントロールに関する基礎研究）

呉 世訓

この学位論文は人間親和型モーションコントロールの確立を目指している。近頃様々な
福祉機器が注目を浴びているが、制御工学的な観点からそれらの機器をどのように制御す
るかというソリューションを与えることを目的に、以下の三つの対策を本研究では行った。

(1) 人間親和型モーションコントロールに必要な条件を提案する。
(2) フィードバック制御を人間親和型モーションコントロールの観点から再考する。
(3) パワーアシスト車椅子を具体的な適用例として用いて様々な人間親和型コントロール
を適用する。
この人間親和型モーションコントロールは人間に快適感と安心感を与える動きを取り扱っ
ていて、人間が行っている制御とも深い関係がある。それは、人間のような筋肉と神経シス
テムを必要としているということでもある。適切に制御しているモータを筋肉システムに、
また制御器の中のオブザーバを神経システムとして利用することができるのである。とい
うことで、本論文ではフィードバック制御とオブザーバ設計に関する研究を行う。
モータを人間親和的に動かすためフィードバック制御設計をインピーダンス制御の観点
から見直し、インピーダンス制御が多数のフィードバック制御（位置制御、速度制御、力
制御）の一般化した形であることを示した後、その観点から制御器をどう設計するかとい
うことを考察した。さらに、フィードバック制御における新しい二つのトピック、非整数次
インピーダンスと二関節筋モデルのモーションコントロールへの応用を人間親和型的モー
ションコントロールの観点から紹介した。
これらの考えに基づき、いくつかのアドバンスト制御をパワーアシスト車椅子に適用した。
まず、車椅子の運転状況をモニタリングするオブザーバを設計した。前述したように、車
椅子を安全に走らせるために神経システムが必要であり、そのため多数のセンサーを用い
ることも考えられる。しかし、必要なだけセンサーを利用するということは合理的でない
だけでなく、そのセンサーが直接必要な情報を提供しない限り、またセンサー自体が弱点
を持っているときに正確な情報を得るにも不十分である。この問題を解決するためにオブ
ザーバ設計をベースとしたセンサーフュージョン手法を提案した。この手法は人間親和型
モーションコントロールに必要なセンサー（神経）システムを改善する方法になる。
車椅子運転に必要な情報を定義し、それを得るためのオブザーバを設計した。この提案
する運転状況オブザーバはエンコーダ、ジャイロスコープ、加速度計を利用し、前後方向の
速度、車体の傾き角度、そして外乱を観測する。このオブザーバはジャイロスコープのド
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リフト現象と低速における速度観測の問題点などを克服したものであり、その有効性が実
験によって確かめられた。得られた情報を利用し、外乱抑制制御器を設計した。産業応用
のためには多数の外乱抑制制御器が利用されているが、それらは外乱を完全に抑制するの
を目的としており、そのまま福祉機器に利用するのは難しい。乗り物に乗っている人間は前
後方向には速度制御に、左右方向には力制御に慣れている。この特徴を車椅子のような乗
り物の外乱抑制制御を設計するとき考慮すべきである。これを考慮し、車椅子のための二
種類の外乱抑制制御をインピーダンスの概念を利用して設計した。前後方向の速度ベース
の外乱抑制制御と左右方向の力ベース外乱抑制制御がそれである。これらの制御器は実験
によってその有効性が確かめられた。人間親和型モーションコントロールのもう一つのト
ピックは外乱増幅制御である。人間自体がモータの制御から見た場合には外乱となるので、
もし強い外乱抑制制御が人間の身近で利用される機器に利用されると人間の動作に反する
方向でモータが動くことになり、とても危険な状況を招くことになる。この理由で時には
人間の力を増幅する制御が必要になるのである。この外乱増幅制御もインピーダンス制御
の観点から実現することが可能で、その例として車椅子用のトルクセンサーレスパワーア
シスト制御器を設計し、実験を行った。
最後に人間親和型制御器設計例として時変インピーダンス制御器を設計した。自分の動
作を見ていると人間は時変制御を行っていることが簡単にわかる。車椅子の片手漕ぎ制御
器を時変制御器の例として設計した。左右方向のインピーダンスが一つ変数を持って変え
られるフィードフォワード制御とフィードバック制御を提案し、車椅子の方向がその変数
によって決められるようにした。このインピーダンスを決める変数は人間の力の勢いを入
力とするシグモイド関数によって決められるようにし方手漕ぎを実現した。
この論文で提案した制御例は、一つのシステムを統合的に人間親和的に設計することが
できることを見せるためパワーアシスト車椅子に焦点を合わせているが、同一な考え方を
他の福祉機器に拡張して応用することも可能なのである。
なお、本文は英語により記述されていることを付記する。
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Abstract

This dissertation aims at the establishment of human-friendly motion control. To provide

a solution to the need for emerging advanced welfare tools in terms of control design, three

measures are taken in this dissertation.

(1) The requirements for human-friendly motion control are suggested.

(2) The feedback control is reconsidered in the viewpoint of human-friendly motion con-

trol.

(3) A power-assisted wheelchair is adopted as an application, and various human-friendly

motion control designs are applied to the wheelchair.

This human-friendly motion control deals with the motion that makes a human user feel

comfortable and at ease, and is related to the human-like motion control, which means

it needs to have the muscular and sensory systems, too. The motors with controllers can

work as the muscular system, and observer in the controller can work as the sensory system.

From this viewpoint, the design of feedback controllers and an observer is studied here.

To control a motor in a human-friendly way, feedback control design is scrutinized and

it is found out that the impedance control provide a general way to describe various kinds

of feedback control - position control, velocity control, force control - and an insight to

adjust the design of a controller to make it human friendly. Moreover, two novel topics on

the feedback control design - design of fractional order impedance and application of the

biarticular muscle to motion control - are introduced.

Based on this idea, several advanced controllers are designed for a power-assisted wheelchair.

At first, an observer is developed to monitor the driving state of a wheelchair. The

sensory system, as mentioned above, is necessary to control a wheelchair in a safe way,

for that reason, various sensors may be employed. However, just using as many sensors

as necessary is not rational nor enough to obtain correct information when sensors cannot

provide the direct value of necessary information, or have drawbacks. To cope with this

problem, a sensor-fusion method based on the observer theory is proposed here, and this is a

solution that can improve the sensory system necessary for human-friendly motion control.

Necessary information for control of wheelchair driving is defined and an observer is

designed to acquire that information. The proposed driving state observer for a wheelchair

uses an encoder, a gyroscope, and an accelerometer to produce the longitudal velocity,

body-inclination angle, and external disturbance. This observer can overcome the drift

phenomenon in the gyroscope and the difficulty in acquisition of velocity at low speed,

which is verified by experiments.

Using the obtained information, disturbance attenuation control for a wheelchair is devel-
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oped. A number of disturbance attenuation controllers are used in industry. Nevertheless,

they need to be modified when adopted in welfare tools as industrial control applications

are adjusted to reject all disturbances completely. A human rider in a vehicle is accustomed

to the velocity control in the longitudal direction, and the force control in the lateral direc-

tion. These characteristics should be included in the design of human-friendly disturbance

attenuation control for a vehicle such as a wheelchair. Taking this into considerations, two

kinds of disturbance attenuation controllers are designed based on the impedance concept:

velocity based disturbance attenuation for the longitudal direction and force based distur-

bance rejection control for the lateral direction. These controllers are experimented and

the effectiveness is verified.

Another topic for human-friendly motion control is disturbance amplification control. A

human operator itself is a disturbance from the viewpoint of motion control so that strong

disturbance rejection control, if it is employed for a tools used nearby people, is dangerous

for it operates a motor in a way against human user. For this reason, the force exerted

by a human operator occasionally needs to be amplified. This disturbance amplification

control also can be realized using the impedance concept and as an example of this control,

torque-sensor-less power-assist control for a wheelchair is proposed and experimented in

this dissertation.

Lastly, time-varying impedance control is developed as a human-friendly motion control

design. It is easily known from our own motion that a human adopts time-varying control for

his own behavior. One-hand propulsion control of a power-assisted wheelchair is proposed

as an example of this time-varying control. By the proposed feedforward power-assist

control, and feedback power-assist control, where the impedance for the lateral direction

is be changed by one variable, the direction of the wheelchair will be determined by the

variable. This impedance-determining variable is altered via the sigmoid function with the

momentum generated by one hand as the input, and this enables the rider to propel the

wheelchair with one hand.

All the applications suggested in this dissertation are focused on a power-assisted wheelchair

to present that a controller for one system can be wholly designed in a human-friendly way,

however, the basic ideas that are applied for the design of the wheelchair control can also

be employed for other welfare tools.

Sehoon Oh

(sehoon@horilab.iis.u-tokyo.ac.jp)
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Chapter 1

Introduction

1.1 Introduction of Human-friendly Motion Control

Advanced technologies will play an important role in the coming aging society. Among

those technologies, information related technology seems to be most highlighted nowadays.

However, it only provides informative and virtual support and cannot physically support

human behavior.

The function of human is getting worse as he gets older. If he can find a satisfying

mechanical substitute for his lost, it would be a best help to him. For those who lost their

function, power assistance by motors and its appropriate control are more important and

necessary technologies.

Moreover, not for those handicapped people but also for healthy people, extension of

human power by mechanics is considered as an important technology and has been one of

scientists’ dream. We can see a large number of those examples in sci-fi movies. Let us

call this kind of tools as power assistance or power assist devices. This dissertation aims at

suggestion of a viewpoint for design of control which makes the power assist devices work

satisfactorily.

What we should note in considering how to design a controller, is that these devices are

usually located near a man or attached to one’s body, and amplify human power. This

operational environment makes the control design difficult, and this is a problem unique

to these devices. For an example, power assist devices should move in such a way that the

user does not feel it uncooperative or clumsy because human has a variety of sensors and

thus is very sensitive to external force. This contact with the user is a main problem in the

development of power assist devices.

In this dissertation, a new concept, human-friendly motion control is suggested as a

general form of solution to this problem.

1.1.1 Requirements for the Human-friendly Control

What characteristics are required for the human-frinedly motion control? The following

four characteristics can be suggested as the requirements.

Adaptation to the environment
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1.1 Introduction of Human-friendly Motion Control

(a) HAL by Sankai Lab. (b) Extender by U.C.B (c) ASIMO by Honda

Figure 1.1: Various devices which help human activities

The range of human activities is large. Power assist devices used to support these human

activities should adapt to various environment.

Excellent Manipulability

Power assist devices are located near a man. Every movement of the devices will affect

user’s sense directly. So as not to make user feel uncomfortable, the controller should

present excellent operational performance.

Elaborate response to disturbance

Disturbance is defined as exerted force which is not produced from the controller. In this

meaning, human power is a disturbance to the controller, and strict rejection of this

disturbance can make dangerous situation or awkward operation. Response to this

disturbance should be designed elaborately

Useful evaluation of control

There are little established standard that can be used for the evaluation of how human-

friendly the controller is. It is due to the difficulty in description of the performance

in mathematical way. In other words, if this evaluation is established, design of

human-friendly control becomes easier.

Solutions to each problem will establish the human-friendly control. Contents explained

in the following chapters are related to these four requirements.

Figure 1.2 shows some solutions to these requirements that are provided in this disserta-

tion. These are not the only solutions but it is suggested through these solutions that the

advanced control theories can be applied to power assist devices if it is designed adequately.

A viewpoint necessary for the design of the human-friendly control, and examples of that

design are provided in this dissertation.
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1.2 Why Power-assisted Wheelchairs?

Adaptation to  
the environment

Excellent 
manipulability

Elaborate response 
to disturbance

Useful evaluation 
of control

sensitivity function design

time varying control

impedance control

kalman filter

observer design

Figure 1.2: Proposed solutions in this dissertation for the human-friendly motion control

1.2 Why Power-assisted Wheelchairs?

Walking or mobility is the basic function of a human body and should be indeed excel-

lently supported. The wheelchair has been a most successive solution. It has helped lots of

handicapped people during the last 100 years. The success of the wheelchairs throughout

the industrialized world has rendered the wheelchair almost universally recognized and a

cultural symbol representing all disabled people.

(a) SegwayTM (b) I-unit c©Toyota (c) iBOTTM c©INDEPENDENCE

Figure 1.3: Walking assistive devices with wheels

Development of modern technology is changing this situation. Recently, advances in

engineering enable various kinds of mobility assistive devices. Figure 1.3 and 1.4 show

those advanced devices. The devices in Figure 1.3 have wheels for mobility and the wheels

are driven by motors. Figure 1.4 are walking assistive devices that have legs.

Devices with legs are still under development and cannot yet give sufficient assistance:

they are quite slow and have problems in their safety. In spite of their outstandingly

wide rage of locomotion, these imperfections are great obstacles to establish this type of
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1.2 Why Power-assisted Wheelchairs?

I-foot by Toyota Berkeley Lower Extremity Exoskeleton

Figure 1.4: Walking assistive devices with legs

assistance.

Figure 1.5 shows the characteristics of these walking assistive devices. Realization of

wide range of locomotion, fast velocity, and stability still has lots of problems to solve. The

mechanical legs can provide wide range of locomotion, but the control still has stability

problems, thus it can not provide fast velocity. On the other hand, the electric powered

wheelchairs use vehicle technologies which are already established, and give sufficient sta-

bility and velocity. However, the interface between the wheelchair and the user is restricted

to a joystick, which will work only in restricted ways and allows only narrow range of

locomotion.

Range of Locomotion

V
el

o
ci

ty

Leg type assisting tools

Power assisted wheelchair

Electric powered wheelchair

fa
s
t

s
lo
w

widenarrow

Electric powered wheelchair

Power assisted wheelchair

Leg type assisting tools

Figure 1.5: Diagram showing characteristics of walking assistive devices

Here, the power-assisted wheelchair is adopted as an application which needs the human-
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1.3 Power-Assisted Wheelchairs Now

friendly motion control. This power-assisted wheelchair presents good stability character-

istic with wheels, and also provides good manipulability. The system is a kind of human-

machine interaction system, thus it needs sophisticated control. This is the reason this

power-assisted wheelchair is selected as an application of the human-friendly motion con-

trol.

1.3 Power-Assisted Wheelchairs Now

In Japan, there are few commercial power-assisted wheelchairs. Figure 1.6 shows one of

the power-assisted wheelchairs that is available in Japan: JW II produced by YAMAHA.

Figure 1.6: Power-assisted wheelchair as an example of power assist device(YAMAHA JW

II)

Power assistive control implemented in this wheelchair is depicted in Figure 1.7. JW II

has a torsional sensor between a rim and a wheel and it can measure the torque exerted

by a rider (Thuman in Figure 1.7). Then the assisting motor provides assisting torque

1+

α

τs
Wheel Chair

T

T

human

assist

Tdist

θ

Figure 1.7: Power assist control in conventional power-assisted wheelchairs

(Tassist) according to the measured torque (Thuman). The relationship between Thuman
and Tassist can be described as

α

τs + 1
, (1.1)
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1.4 Outline of the Dissertation

where α is an assist ratio and τ is a time delay.

This is a feedforward control and does not feedback any information of the wheelchair.

Consequently this controller has some problems. On a slope, the assisting torque works as

a torque that makes the wheelchair tip over instead of as the torque drive the wheelchair

forward. Also on downward hills, the assisting torque should decrease the acceleration

by the gravity to make the wheelchair safe. However, this feedforward control does not

decelerate the wheelchair; on the contrary, it works in the same direction with the gravity

and endangers the rider. Figure 1.8 illustrates these dangerous situations.

(a) Tipping over of a wheelchair (b) On downward hill

Figure 1.8: Dangerous operational conditions

1.4 Outline of the Dissertation

First in Chapter 2, various kinds of control design methods are redescribed based on one

structure. To design a controller in a human-friendly way, how the controller works or what

meaning each parameter in the controller has should be scrutinized. From the viewpoint of

human-friendly control, the kind of physical value controlled by the controller is important;

There are force control, velocity control, and position control to control force, velocity, and

position. In Chapter 2, these controllers are generalized in the form of impedance control

which has been regarded as one kind of force control. This viewpoint enables us progress

control design in some interesting ways.

In Chapter 3, an operational state observer for a power-assisted wheelchair is provided.

Estimation of velocity and inclination angle is one of well-known problems in humanoid

robots. The power-assisted wheelchair also has the same problem because its body can tip

over when excessive torque is applied to the wheels. Furthermore, the angle of slope on

which a wheelchair is located works as a dominant factor in identifying the environment,

and should be estimated correctly. This topic is studied in the Chapter 3.

In Chapter 4, two disturbance or external force attenuation controllers are designed.
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Two-dimensional disturbance to a wheelchair is considered here: the front direction and

the lateral direction. For each direction, different control strategy is necessary, since the

way that the user will feel in each direction is different. The viewpoint explained in Chapter

2 is used and applied in the design of two disturbance attenuation controllers.

Chapter 5 solves force-sensor-less power assist problem without force sensor. In power

assist control, force sensor is utilized to obtain the exerted force by a user, but this causes

inconvenience since it restricts the place where the user’s force should be applied. This

controller can be designed also using the viewpoint explained in Chapter 2. Power assistance

can be translated as soft impedance. This is the strategy in the design in this chapter.

Human-friendly motion control can have time-varying characteristics to be human-friendly.

Chapter 6 tries this time-varying control for human-friendly motion control. A fuzzy way

that transmits a user’s intention is adopted and experimented. This chapter insists that mo-

tions which are somewhat complicated can be controller with a simple parameter depending

on the way a controller is designed. If that dominant parameter is changed according to a

specific law, the actuator can work in a complicated but human-friendly way.
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Chapter 2

Generalization of the Feedback

Control for the Human-friendly

Control Design

In establishing of human-friendly motion control, a question “what kind of control is nec-

essary for the human-friendly motion control?” can be important. Instead of answering

this question, answers to a question “what function does control can do?” is studied in this

chapter.

A solution to the design of human-friendly motion control is provided by suggesting

various impedances that will be realized by feedback controllers

2.1 Impedance Control as a Solution to Human-friendly

Motion Control

What should we consider in designing human-friendly motion control? At first, let us

take up an example of humanoid robot control. The purpose of this control is to make

a robot behave in a more human-like way. However, this control of a robot in a human-

like way is a quite complicated problem. That kind of control is something different from

making of an animation movie of robots where the tracking of position is most important.

In robot control, more than an accurate position control is necessary: especially force which

is invisible should be considered. This view clarifies what we should focus on in design of

human-friendly motion control, since human-friendly motion control is strongly related to

human-like control.

Conventional industrial controls tend to regard the accuracy as the most important fac-

tor. On the other hand, in human-friendly motion control, that accuracy is not so important

factor. Human being controls his position, velocity and force less accurately. More impor-

tant point is that human being continuously changes his target of control. This brings us a

good insight to human-friendly control. The impedance control which has been considered

as one kind of force control, is a good candidate for a solution to this human-friendly motion

control because it is a general form of position, force, and velocity controls.
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2.1 Impedance Control as a Solution to Human-friendly Motion Control

2.1.1 Disturbance Rejection Used in Conventional Controllers

As we explained in Section 1.1.1, design of the disturbance response plays very important

role in human-friendly motion control. Power assist devices compensate for human forces

against external force. Human force, however, itself can be a disturbance or external force

when it is seen from the controller. This is a noticeable point in the design of human-

friendly motion control. For this disturbance response design in a human-friendly way,

impedance control is adopted in this dissertation. Before analyzing this impedance control,

the disturbance observer is explained here for comparison.

The disturbance observer in Figure 2.1 is a typical method of the disturbance rejection

in industrial motor controls. This disturbance observer can estimate external forces and

modeling error as disturbance, and remove them with the feedback of estimated distur-

bance. This aims at robust and perfect disturbance rejection up to high frequency ranges.

As discussed before, this strong disturbance rejection is not suitable for the power assist

control. Disturbance in power assist devices can be related to human forces itself in many

cases. Stiff rejection of disturbance can worsen the operational performance and even make

dangerous situation. The adjustable parameters in the disturbance observer, however, are

only suitable for the stiff rejection, and do not provide enough degree of freedom for the

flexible disturbance attenuation. In order to render disturbance response more human-

friendly, more variety in adjustable elements in control design is necessary, and it would be

better if those elements have physical meaning.

P

Pn

Q

-1

r y

u

d

-

+

+-

Figure 2.1: Structure of the disturbance observer

Q in Figure 2.1 is the adjustable parameter the disturbance observer has. With this Q,

the output of y is given as

y =
P

1 + Q (P−1
n P − 1)

r +
P (1−Q)

1 + Q (P−1
n P − 1)

d. (2.1)

As is well known, when Pn = P then the disturbance d is estimated correctly and removed

according to 1−Q. If Q is 1, the disturbance is rejected to zero and this yields the output

y = Pnr, which means the reference response is nominalized; that is, this parameter Q is a

parameter for the stiff disturbance rejection not adequate for detailed configuration of the

disturbance response.
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2.1 Impedance Control as a Solution to Human-friendly Motion Control

To study this characteristic for detail, Q(s) is given as the equation (2.2) which is used

most generally. This results in y in the equation (2.3).

Q(s) =
K

τs + 1
=

1−∆K

τs + 1
(2.2)

y = Pr +
τs + ∆K

τs + 1
Pd (2.3)

Figure 2.2 shows the bode diagram of the transfer function from d to y where P is a first

order delay system.
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1/τ

Pole of Plant ( 1/J )

Figure 2.2: Disturbance response by the disturbance observer

K (or ∆K) determines the extent of rejection in low frequency band and τ determines

the frequency bandwidth. This is an explanation using a frequency viewpoint and the

parameters have less physical meaning. However, impedance control has parameters that

will physically account for the disturbance response.

2.1.2 Equivalency of Impedance Design and Sensitivity Function

Design

Here, the relationship between reaction force by a motor and the impedance that a man

will feel when he applies his force to the motor is revealed. The disturbance response has

the same meaning of impedance or the reaction force by a controller. Figure 2.3 illustrates

this viewpoint.

If an external force Fe is applied to the plant by a man, the position y is changed from

the original reference position yr. In addition, when a motor is controlled by a feedback

controller, it will produce Fm based on ∆y or Fe. This Fm is the reaction force that the

man who applies the force Fe will feel.

Under a feedback control, ∆y is decided not only by the disturbance force Fe but also the

motor force Fm; that is, the position will be moved, after applying Fe, to the equilibrium

point where Fe and Fm (according to ∆y) makes a balance. This leads to an equation

Fm(∆y) ' Fe (2.4)
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2.1 Impedance Control as a Solution to Human-friendly Motion Control

xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx

∆y

External

Force (Fe)

yr

y'r xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxx

∆y

External

Force (Fe)

Controlled

Force (Fm)

y

yr

a) Reference position (y′) is changed b) Motor torque (Fm) is changed

according to the external force(Fe). according to the displacement (∆y).

Figure 2.3: Equivalency of impedance design and sensitivity function design

It is true that in the transient process, two forces are not equivalent. Nevertheless, the

assumption as the equation (2.4) is effective; when the two forces have a large difference

the position y will reach the equilibrium point quite shortly and if the transient process

takes long time, it means the two forces have almost same values. This viewpoint tells us

the equivalency of the impedance design and the sensitivity function design. The reaction

force decided by the impedance control is equivalent to the rejection force decided by the

sensitivity function.

Equation (2.5) and (2.6) represent the relationship between the deviated positon ∆y and

the external force Fe or the control force Fm by a motor.

∆y =
1

Mds2 + Bds + Kd

Fe (2.5)

Fm = (Md∆ÿ + Bd∆ẏ + Kd∆y) . (2.6)

In impedance control, Mds
2 +Bds+Kd in Equation (2.5) is called as impedance and means

the relationship between the applied external force(Fe) and the deviated position error∆y.

Mostly this relationship is realized by changing the reference position yr, which is illustrated

in figure 2.3 (a). The impedance control uses measured force Fe and calculates ∆y according

to the equation (2.5) and then the modified reference y′r = yr +∆y is provided to a position

controller.

Sensitivity function decides the reaction force Fm which is provided by a motor according

to ∆y. Equation (2.6) shows the reaction force design based on ∆y. Under the assumption

(2.4), this control design is equivalent with the reference design in Equation (2.5).

In the following sections, the impedance is defined the transfer function from the exter-

nal force Fe to the deviated velocity ∆ẏ. By this definition, the impedance described in

Equation 2.5 is rewritten as
s

Mds2 + Bds + Kd

. (2.7)

The reason for this definition will be explained in Section 2.2.2
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2.2 Sensitivity Function Design as a Specification of Human-friendly Control

2.2 Sensitivity Function Design as a Specification of

Human-friendly Control

2.2.1 Design of a Feedback Control using the Impedance Concept

From the viewpoint explained in the last section, the feedback control which has the

structure in Figure 2.4 can be translated as an impedance controller. The difference between

the real output and the nominal output will be ∆y in Figure 2.3 and the reaction force Fe

is created through the C filter.

P
r yu

d

-

Pn

C
-

+

+ ++

Figure 2.4: Basic structure of impedance control proposed in this research

This impedance control block diagram is interpreted as a two degree-of-freedom control.

By this control, the response of the plant will be:

y = P
(

1 + CPn

1 + CP
r +

1

1 + CP
d
)

. (2.8)

The reference response from r to y will be P if Pn is P , and the disturbance response will

be given as P
1+CP

. This respective responses are the feature of the two-degree-of-freedom

(TDOF) control [12]. Conventional TDOF control design such as [12] uses the disturbance

observer for the design of the disturbance response with an object of stiff disturbance

rejection. In the human-friendly motion control, on the other hand, design of this P
1+CP

should be done more carefully. What this dissertation insist, is this disturbance response

be designed using the impedance concept explained in the last section because this P
1+CP

can work in the same way with 1
Mds2+Bds+Kd

in Equation(2.5) if C is a properly designed.

The passive adaptive control in [13] has the same structure with Figure 2.4. The literature

[13] adopted βP−1
n as C, which resulted in a disturbance response as

Tyd =
1

β + 1
P (2.9)

under the assumption P = Pn. If β is large, the effect of a disturbance is suppressed

strongly with the gain 1
β+1

over a wide frequency range. Because of this purpose of design,

the passive adaptive control is different from the approach taken in the dissertation even

though it has the same structure.
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Figure 2.5 shows two design examples which will be adopted in the following chapters.

The feedback control in the figure 2.5 (a) named as velocity based impedance has no stiffness
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Disturbance(d)
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+
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Feedback

Controller
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-

Feedback

Controller
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+

Reference(r)

Disturbance(d)
Output

(velocity)

(a) velocity based impedance (b) position based impedance

Figure 2.5: Various types of impedance control

term. Its impedance is given as

1

(J + Jd)s + (B + Bd)
. (2.10)

The reaction force and the motion provided by this control are illustrated in Figure 2.6

(a). This plant has no stiffness term so that is not restricted to a certain position and the

final position will be changed by the external force; in other words, the position will not go

back to the original position after the disturbance dies. In addition, the hand, or the one

who applies the external force to the plant will feel the reaction force mostly proportional

to the moving velocity.

On the other hand, the control described in Figure 2.5 (b) has position based impedance

or a stiffness term. The impedance is given as

s

(J + Jd)s2 + (B + Bd)s + Kd

, (2.11)

when the plant itself has no stiffness against the external force. A plant controlled by this

controller works in the way illustrated in Figure 2.6 (b). The position is restricted and if the

disturbance is taken away, the position will restore to the original position. Consequently,

the hand in Figure 2.6 (b) feels the reaction force mostly proportional to the changed

position. This analysis can be also explained using the bode diagram, too.

Figure 2.7 is bode diagrams of this two impedances. Transfer functions from the dis-

turbance to the velocity output are described by these diagrams. Compared with the

disturbance observer (Figure 2.1 and 2.2), the parameters Jd, Bd, Kd in the impedance con-

trol have physical meanings and it is also presented in the bode diagrams. Jd, Bd and Kd

decide the characteristics of high frequency, middle frequency, and low frequency band-

width respectively. Values of Jd, Bd and Kd represent the extent of rejecting force against

the disturbance in each frequency bandwidth and it also represents the magnitude of the
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(a) velocity based impedance (b) position based impedance

Figure 2.6: Illustration of the difference between the two types of impedance
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Figure 2.7: Difference between the two types of impedance described in bode diagram

reaction force to the disturbance. It should be noticed that the characteristics of the low

frequency determines in which way a plant moves: (a) or (b) in Figure 2.6.

This viewpoint helps us design a sensitivity function in the human-friendly motion con-

trol.

2.2.2 Unification of Position, Velocity, and Force Control

More interesting point this impedance-control viewpoint explains is that it is a generalized

form which can describe a force control, velocity control, position control and even the

disturbance observer at the same time. To discuss this point more in detail, the definition

of each control should be redefined. This redefinition may be different from that used in

conventional ways; however, it is definition necessary in terms of the human-friendly motion

control.
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2.2 Sensitivity Function Design as a Specification of Human-friendly Control

position control control to make the position of a plant track the reference position,

feedbacks position information.

velocity control control to make the velocity of a plant track the reference position,

feedbacks velocity information.

force control control to make a plant react in a specific way to the external force, feed-

backs force information.

Figure 2.8 is block diagrams of position control (a) and force control(b), which are used

in the literature [1] but is modified here.

Js+B s
Kp

Kv

1 1

d

cmd

θ

cmd

ω

ref

ω
.

cmd

ω
.

Position Control

-

-

+

+

+

+

+

+

(a) Position control block diagram

Js+B s
Kf

1 1

d
ref

ω

.
cmd

F

Kv

- -

F

ke + des
environment

(b) Force control block diagram

Figure 2.8: Block diagrams of two different controllers

In Figure 2.8 (a), the position output (θ) is fed back and is controlled to track the reference

position (θcmd) and in (b) the force applied externally is fed back. The above definition tells

us that the position based impedance control is categorized into the last section is included

in position control and the velocity based impedance control is categorized into velocity

control. Force control feedbacks force information of the plant, but is somewhat different

from the other two controls because its purpose is not tracking. Another interesting point

in force control is that the disturbance observer is categorized into force control because it

feedbacks the estimated force.

One of the purposes is to eliminate applied external force; the disturbance observer

(Figure 2.9) works for this purpose so that it completely removes the estimated disturbance.

The other purpose of the force control is to change the reference position of a plant according
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Figure 2.9: Disturbance observer as a force controller

to external force so that it can make specific reaction force to the disturbance. This is

the way the impedance control works. It changes the position of the plant according to

the external force. These two different force controls result in different reaction forces.

Elimination of the external force provides the same force as the external force, which means

the disturbance or the hand in Figure 2.6 feels extremely strong reaction force, while the

impedance control provides somewhat weak or flexible reaction force. In spite of these

differences, the two force controls can be considered in the same way and the difference just

result from the difference of some parameters. And furthermore even position control and

velocity control also can be considered in the same structure. This analysis was roughly

reported in the literature [1], but here it will be examined in more detail.

Figure 2.10 shows the block diagram of impedance control. This is the general form of

feedback controllers that can unify position control, velocity control and force control.
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Figure 2.10: Impedance control as general motion control
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2.2 Sensitivity Function Design as a Specification of Human-friendly Control

Following explanation is done under the assumptions Jn = J,Bn = B. Velocity of the

plant is used as output of the plant because it is the dimension located between force and

position. The output error e is driven by the disturbance d, the external force.

e = ωr − ω =
1

Js + B
d (2.12)

It is clear that the output error has information on the external force. Using this error, the

feedback control input is decided as

ufb =
(
Jds + Bd +

Kd

s

)
e (2.13)

How to decide these Jd, Bd and Kd determines the type of a controller: position control,

velocity control, force control. Basically, a controller with nonzero Kd is a position controller

because the position error is fed back and the position of the plant will track the reference

position. Jd and Bd are used to improve the speed of response in position control. In force

control, however, Jd, Bd and Kd have quite different meanings but the same function; that

is, Jd, Bd and Kd are the elements of impedance in force control. With the feedback of

equation (2.13), the transfer function from the external force to the position of a plant is

given as

Tpd =
1

(J + Jd)s2 + (B + Bd)s + Kd

(2.14)

Now we can see that the gains Jd, Bd and Kd have dual meaning according to the viewpoints

whether the controller is position control or force control. Kd is the position gain and also

stiffness to the external force. Bd means damping in both control. Jd is the acceleration

gain but it has a special meaning in force control, especially in the disturbance observer.

Figure 2.11 shows force control and position control re-described in the form of impedance

control.
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Figure 2.11: Block diagrams of various control types

To eliminate the steady-state position error, two approaches are usually adopted: posi-

tion control with integrator and disturbance observer. These two approaches also can be
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2.2 Sensitivity Function Design as a Specification of Human-friendly Control

analyzed from the impedance-control viewpoint. The disturbance observer has special pa-

rameters. Jd and Bd is set as Jn and Bn (which is illustrated in Figure 2.12), which makes

the sensitivity function in Equation (2.14) zero and makes the plant totally insensitive to

the disturbance. To achieve position control with integrator, a second order integration

of velocity error will be added to Figure 2.10. This approach is subject to a time delay

because the integration takes time. On the other hand, the disturbance observer rejects

the disturbance force, and this results in the quite fast reduction of the steady-state error.

This is why the disturbance observer is preferred in the industrial control design.
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1

s
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Jn
+

+

+

-

-+

cmd

F
velocity

d

+

+

F

Js+B

Figure 2.12: Disturbance observer described in the proposed form

This unifying viewpoint gives us an insight into human-friendly control design. Human

switches his control strategy, position control and force control, according to the environ-

ment. This combination of control types looks complicated, but from the proposed view-

point, it is nothing but the changes of parameters. As a man changes his control strategy

according to the environmental conditions, we can change some gains in the same way.

In Chapter 4, two kinds of disturbance attenuation controller are provided based on this

consideration. Furthermore, another novel design can be realized by modifying factors in

the impedance. This idea is examined in the following section.

2.2.3 Extension to the Disturbance Amplifying Control

Existing power assist devices use force sensors to measure the force to amplify. This costs

expensive and restricts the assistance because the force should be applied to the specific

places where the force sensor is installed to obtain assistance. The impedance concept in

control design can help this problem, too. Amplification of human power can be interpreted

as decrease in the impedance of a plant. This is the approach taken here to achieve a power

assist control without force sensor.

Figure 2.13 is the simplest structure of impedance reducing controller.

This feedback controller works as a power assist control by setting the gains JA, BA to
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Figure 2.13: Simplest impedance reducing control

some negative values. However, the negative gain is dangerous in terms of stability. This

possible instability is not acceptable for the human-friendly motion control.

Hori[18] suggested an inertia control which can simulate the inertia value of motor using

disturbance observer. It is another way to reduce the impedance. Here the modified version

of this inertia control is proposed. Hori’s inertia control[18] only adjust inertia value in low

frequency band. Adding damping factor into this control provides enough parameters that

can adjust sensitivity function more precisely. Figure 2.14 describes the proposed power

assist control.
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+

+

+

-

-
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Model Impedance

Plant Dynamics

vimp

Figure 2.14: Block diagram of proposed disturbance amplifying control design

First, the external manipulating force is observed using the disturbance observer and

then the controller calculates a reference velocity based on the observed manipulating force.
1

JMs+BM
is a filter to calculate the reference velocity. JM and BM is set smaller than J and

B. This results in reduction of the impedance after feedback control. Real velocity is

controlled to track this reference velocity by feedback with the gain A. With this control
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2.3 Analysis of Impedance Control of Human Muscle

system, the transfer function from human force to velocity is:

Tassisted(s) =
1

Js + B + A

(
JMs + BM + A

JMs + BM

)
(2.15)

In section 5.4.2, we will relate these parameters with some assistance performance index.

2.2.4 Realization of Fractional Order Impedance

To achieve human-friendly motion control, we need to examine the human control of his

muscle. However, the control of muscle activity is so complicated that it would be better

to obtain so more degrees of freedom than the three gains Jd, Bd and Kd. Here, as this new

adjustable parameter, the order of differentiation is suggested.

Fractional order differentiation has come to be applied in control design [27]. Those kinds

of design are called fractional order control (FOC), however, they are still used in terms of

industrial applications such as for vibration suppression.

When the fractional order differentiation is employed in the proposed impedance control,

fractional order impedance can be realized. Figure 2.15 shows this realization.

The kind of impedance whether it has Kd or not has quite important meaning in the

reaction force design and steady-state error reduction as is explained before. What is

notable is that the order of integration itself can be an adjustable factor when adopting the

fractional order differentiation.

This fractional order impedance can be a promising control design and enables more

sophisticated control that will make a plant more human friendly. Nevertheless, it still

has some problems; the perfect calculation of fractional differentiation is not available

yet. Some calculation methods are explained in Chapter A. All of them realize the frac-

tional order differentiation in a limited frequency bandwidth. It is impossible to continue

that fractional-order characteristics throughout all frequencies so that realization of the

impedance illustrated in Figure 2.15 (b) is impracticable. Figure 2.16 is feasible fractional

order impedance. However, if the frequency band where the fractional order impedance is

achieved matches with the most sensitive frequency bandwidth for human, it will be enough

for a reaction force generation necessary for the human-friendly motion control.

Development of realization method for the fractional-order differentiation is still under-

going.

2.3 Analysis of Impedance Control of Human Muscle

2.3.1 Varying Impedance of Human Muscle

The understanding of how the muscle impedance works will help us design a human-

friendly control. Dowben [5] showed the length-tension and force-velocity relation of the

contracting skeletal muscle, and Ito and Tsuji [6] discussed this relationship and presented

a visco-elastic muscle model by their experiments. Kumamoto [7] adopts this model and

expanded it to the biarticular muscle model.
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Figure 2.15: Fractional order impedance models

Figure 2.17 is the model of muscle used in [7]. The output force of a muscle consists of

these three force elements: u is the contractile force of a muscle, K(u) is the elastic force,

and B(u) is the viscous force. K(u) and B(u) can also be modeled as ku and bu with a

elastic coefficient k and a viscosity coefficient b. Finally, we can get the model of output

force given as Equation (2.16).

F = u−K(u)x−B(u)ẋ = u− kux− buẋ (2.16)

2.3.2 Robust and Fast Disturbance Suppression using Antagonis-

tic Structure

It is interesting, the impedance of a muscle is changed according to the contractile force

(u) of the muscle. Furthermore, there is another remarkable point in the impedance of

muscle. Muscle has the antagonistic structure described in Figure 2.18.

This antagonistic structure of muscle shows remarkable points in terms of disturbance

suppression control. With one actuator to a plant in 2.19 (a), the force that suppresses
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Figure 2.16: Bode diagram of feasible fractional order impedance

K(u)

B(u)

u

Figure 2.17: Visco-elastic muscle model

a disturbance should be added after the disturbance force is applied to the plant. The

force for disturbance suppression will induce the unexpected motion of the plant if there

is no disturbance force; that is, disturbance suppression should be done in a feedback way.

However, two actuators with antagonistic structure in Figure 2.19 (b) is different.

The antagonistic structure can increase the input force of two actuators without changing

the position of the plant because the two forces cancel out each other. Moreover, the

increased force will raise the impedance of the plant according to Equation (2.16). For

instance, let us look at the actions of a hand in Figure 2.20.

When a hand is clenching, the contractile forces of muscles along with elasticity and

viscosity are increased making the hand robust to disturbances. This is what we, humans

do to react any disturbance in advance; that is, this disturbance suppression is done before

a disturbance occurs. However, due to the antagonistic structure, the increased force does

not affect the position of hand. This is the feature of human control strategy; disturbance

suppression without feedback. It is true that human also feedbacks his sensing of forces,

however, that feedback control is additional one.

Human beings control their actions by generation of force pattern; that is in a feedforward

way. This antagonistic structure of muscles is one of the reasons why that human control

can work well without feedback control. With this feedforward force pattern generation,

human beings can deal with large disturbances, for instances, weight lifting in Figure 2.21.
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muscle unit

muscle unit

Figure 2.18: Antagonistic structure in human muscles

disturbance

disturbance

(a) Disturbance suppression using one (b) Disturbance suppression using twin

actuator actuators with antagonistic structure

Figure 2.19: Disturbance suppression characteristics of the antagonistic structure

In this weight lifting action, one noticeable this is the behavior of clenching his teeth.

This ‘clenching of teeth’ is another appearance of impedance increase by the antagonistic

structure.

There are a number of attempts to make artificial muscles using smart materials such

as shape memory alloys[8]. Those kinds of materials tend to have nonlinear characteristics

and are hard to control. Application of this antagonistic structure to those materials can

be a solution to the difficulty in control. If those materials are installed as a pair in a

symmetric way, the nonlinear characteristic such as hysteresis and friction can be cancelled

out[9]. This is a kind of wisdom that human muscles teach us.

muscle unit

muscle unit

muscle unit

muscle unit

(a) Griping hand (b) Relaxed hand

Figure 2.20: Feedforward disturbance suppression control in human muscular contol
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Figure 2.21: Human force control using his clenching

2.3.3 Examination of Biarticular Muscle from the Viewpoint of

Control Design

In human muscles, there is one more important feature which makes it possible to control

his behavior with the previously-prepared force patterns in an open-loop way. Another

characteristic of the structure of muscles is the key to it.

Recent development in humanoid robots is noticeable. Though their motion seems copy-

ing human behavior, they still are limited to some certain patterns and take lots of time to

make some actions. It is not only due to control problem, the actuators also have problems.

For humanoid robots to move in a human-like way, their actuators should be similar with

human muscles: the structure of actuators and their directions of forces.

(a) Humanoid robot and its actuator (b) Human being and its muscle

Figure 2.22: Difference between actuators of robot and human

Robots use links of motors described in Figure 2.22 (a) while human uses their muscles in
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2.3 Analysis of Impedance Control of Human Muscle

Figure 2.22 (b). Comparing these two figures, we can easily see there are large differences.

Figure 2.23: Three major biarticulate muscles of the lower limb

Human being has multi-joint muscles, some of which are described in Figure 2.23 [10].

A large number of the muscles in the human body pass over more than one joint[10]. The

existence of these biarticulate muscles are quite remarkably relative to the direction of

force output in the end effector, and said to be able to increase manipulability. However,

the human muscles are so complicated that it is necessary to simplify it to be utilized as

actuators. Figure 2.24 is the simplified model of that complicated muscles[7].

biarticular muscle

monoarticular muscle

muscle cell

Figure 2.24: Muscle model with biarticular muscle

The two-link arm model, which is adopted in most of humanoid robots, can be represented

the two pairs of monoarticular muscles in Figure 2.24. However, human has a pairs of

biarticular muscles which is also described in Figure 2.24; Figure 2.23 shows three major

biarticulate muscles of the lower limb. This biarticular muscle accounts for human’s ability

to control his behavior by feedforward torque generation, especially for the direction of

output forces.
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Figure 2.25: Output force distribution with and without biarticular muscle

Figure 2.25 is the output force distribution with and without biarticular muscle. We

can see that the model with biarticular muscle can exert forces in all round direction

regardless of its position. This distribution also means the manipulability and ability to

suppress disturbances at the same time; that is, the biarticular muscles enable human the

feedforward disturbance suppression, explained in the last section, in all directions, which

is unable in the two-link arm model. This is the reason why the humanoid robots can not

stand upright.

This biarticular muscle model still has lots of things to be researched, and with the

impedance control, it may solve various problems in development of humanoid robots.

2.4 Summary

This chapter suggested fundamental ideas on the human-friendly motion control. First,

this chapter revealed that all feedback control can be interpreted as impedance control

and that the difference among force, velocity, and position controllers is interpreted as the

difference of impedance. This interpretation provides us with more choices in the design

of impedance. Furthermore, this chapter suggested some more types of impedance control:

fractional order impedance control and disturbance amplification impedance control. This

impedance control is examined in more details and applied to a power assistive wheelchair

in Chapter 4 and 5.

This chapter also explained the feature of human muscular control in terms of motion con-

trol design and suggested its possibility for development of more advanced human-friendly

motion control. The structural characteristic of human muscle such as antagonistic struc-

ture and biarticular muscle do enable impressive feedforward control feature. It allows us
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robust feedforward disturbance attenuation control although one human muscle is driven by

simple impedance control according to its contractile force. When this feature of impedance

control in human muscular system is applied to welfare tools such as humanoid robots, it

will render those tools more human-friendly.
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Chapter 3

Development of Observer-based

Sensor Fusion Method and its

Application to Operational State

Observer

3.1 Introduction

As discussed in Section 1.1.1, adaptability to various environments is important factor

in the human-friendly motion control. To achieve this adaptability, an observer[17] which

can estimate states of a plant by feedback can be employed. Adapting to the environment

implies observation of the environment and adjusting control method according to the

observation results.

Eleborate response 
to disturbance
Eleborate response Eleborate response Useful evaluation 

of control

sensitivity function designsensitivity function design

time varying control

impedance control

kalman filter

observer design

Adaptation to  
the environment

Excellent 
manipulability

Figure 3.1: Observer can achieve the adaptability necessary for the human-friendly motion

control

In this Chapter as a solution to adaptability for the human-friendly motion control prob-

lem, an observer is suggested and applied to a power-assisted wheelchair.
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3.2 Definition of Operational States of a Wheelchair

3.2.1 Motions of a Wheelchair for the Advanced Control and

Definition of States

Then what is the environment that a controller for a wheelchair should observe? Figure

3.2 suggests an answer to this question.

on level ground on a slope during wheelie

Figure 3.2: Operational states of a wheelchair

In figure 3.2, motions of a wheelchair are roughly categorized into these three phases:

driving on level ground, driving on a slope, and wheelie. Here, these phases is called oper-

ational states of a wheelchair. To control a wheelchair in human-friendly way, a controller

should detect in which phase the wheelchair is. This is the information an observer should

observe.

The wheelchair needs different type of assisting power when it is on a slope, but conven-

tional controllers do not consider the slope of ground. This can make dangerous situation

such as overturning of the wheelchair or accelerating the speed when the wheelchair goes

down a hill. To prevent these problems, assistance system should distinguish the road

condition and identify the states of the wheelchair.

d
x

ϕv
x

Figure 3.3: Information necessary for control of power-assisted wheelchair

In addition, there is more information we should now in controlling a wheelchair. Driving

speed, vx in the figure 3.3 and inclination angle ϕ in the figure 3.3 are important information
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3.2 Definition of Operational States of a Wheelchair

on the status of the wheelchair in each phase. dx which is a disturbance force that disturbs

wheelchair running is also an important information to detect operational states and it also

can estimate the manipulation force that the user exerted and be used for force-sensor-less

power assist control.

3.2.2 Derivation of a Simple Motion Equation of a Wheelchair

An observer estimates the states of a plant. It comprises a real-time simulation of the

system or plant, driven by the same input as the plant, and by a correction term derived

from the difference between the actual output of the plant and the predicted output derived

from the observer.

x̂ the estimated state vector of the observer is calculated through the following equation.

˙̂x = Ax̂ + Bu + L (y −Cx̂) (3.1)

The first and second terms Ax̂ + Bu are the simulation of the system, and the last term

L (y −Cx̂) is the correction term. L is an observer gain or free, adjustable parameter and

we can tune the observer using this L.

In order to design an observer that can detect the operational states of a wheelchair, firstly

state variables that will be observed should be defined. vx, ϕ and dx must be included in the

states variables. Secondly, A,B and C which describe the motion of the plant is necessary.

A linearized motion equation that describes the motion of a wheelchair is necessary. To

this end, motion of a wheelchair can be modeled as an inverted pendulum on a cart.

θ

g

vx

ϕ p

rθ

pϕ

.

(a) states of wheelchair (b) inverted pendulum model

Figure 3.4: Analogy between a wheelchair and in inverted pendulum

Wheelchair system consists of a wheelchair and a man who rides on it. This system

analogizes to a cart with an inverted pendulum[4]. Figure 3.4 shows this analogy for

modeling. θ is the rotation angle of a wheel. The speed of a wheelchair is not so fast that

the slip between a wheel and the ground can be ignored. From this assumption, vx can

be calculated as rθ̇. θ in figure 3.4 (a) corresponds with θ in (b); both means the rotation

angle of a wheel. ϕ in the figure 3.4 means the inclination angle from the vertical axis and

- 30 -



3.2 Definition of Operational States of a Wheelchair

it is modeled as ϕ in figure 3.4 (b), the pendulum angle. What should be noted is that ϕ is

the body angle, not center-of-gravity angle from the horizon. The horizon is not the local

horizon but the absolute horizon.

Based on this inverted pendulum model, motion equations of θ, ϕ can be described in

equation (3.2), (3.3) using the Euler-Lagrange Differential Equation. Parameters used in

τ

θ

x

ϕ

m

M

l

Jm

JM r

vm

Figure 3.5: Cart with inverted pendulum model

these equations are illustrated in the figure 3.5.

τθ + dθ = {(M + m) r + JM} θ̈ −mlrϕ̈ cos ϕ + mlrϕ̇2 sin ϕ + BM θ̇ (3.2)

τϕ =
(
Jm + ml2

)
ϕ̈−mlrθ̈ cos ϕ−mgl sin ϕ + Bmϕ̇ (3.3)

τθ and τϕ are input torques to θ and ϕ respectively. dθ is the disturbance to θ and it is

related with dx. The relationship between dθ and dx is dx = rdθ.

Generally, the inclination angle ϕ will not change so largely that it can be assumed to be

around 0 rad. Under this assumption, some approximations in equation (3.4) can be taken.

These approximations linearize the equations (3.2), (3.3) into (3.5), (3.6).

cos ϕ ' 1, sin ϕ ' ϕ, ϕ̇2 ¿ 1 (3.4)

τθ + dθ = {(M + m) r + JM} θ̈ −mlrϕ̈ + BM θ̇ (3.5)

τϕ =
(
Jm + ml2

)
ϕ̈−mlrθ̈ −mglϕ + Bmϕ̇ (3.6)

However, this linearized motion equation is still quite complicated and has a problem.

It can be uncertain the torque exerted by a rider works as τθ or as τϕ. Usually when a

rider propels his wheelchair, the torque works as τθ, however when a rider makes a wheelie

action illustrated in figure 3.6 and goes forward slowly, the torque works as τθ and as τϕ

simultaneously. This means when we use the human operational torque as an input, we

cannot determine whether the manipulation torque is τθ or τϕ. However, considering that

the operational torque usually activates τθ, this observer uses this torque only as τθ and

ignores the function of the torque as τϕ. In place of τϕ, the proposed observer utilizes dϕ,

which means input torque to ϕ is not given beforehand as prior information, but estimated

by the observer.
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3.3 Development of Observer Based on Kalman Filter Theory

Figure 3.6: Wheelie action without going forward

Furthermore, the correlated term in the equations (3.5), (3.6) can be included in these

disturbance terms. By this the equations can be simplified and robust to the modeling

error.

This idea simplifies the motion equations as follows:

τθ + dθ = Jθθ̈ + Bθθ̇ (3.7)

dϕ = Jϕϕ̈ + Bϕϕ̇ (3.8)

3.3 Development of Observer Based on Kalman Filter

Theory

Based on the motion equations derived above, an operational state observer is designed

here. The state variables are defined as

x =
(

θ̇ ϕ̇ θ ϕ dθ dϕ

)T
. (3.9)

Note that dϕ is included as a state variable to be estimated. A and B in the equation

(3.1) are given as

A =




−Bθ

Jθ
0 0 0 1

Jθ
0

0 −Bϕ

Jϕ
0 0 0 1

Jϕ

1 0 0 0 0 0

0 1 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0




, B =




1
Jθ

0

0

0

0

0




(3.10)

To verify this simplification, detailed version of model equation is employed. Adt and Bdt

in the following equation (3.11) are the detailed version based on the inverted pendulum
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model explained in Section 3.2.2.

Adt =
1

D




−
(
Jm + ml2

)
BM −mlrBm 0 m2gl2r Jm + ml2 mlr

−mlrBM −{(M + m) r + JM}Bm 0 {(M + m) r + JM}mgl mlr (M + m) r + JM

1 0 0 0 0 0
0 1 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0




Bdt =
1

D




Jm + ml2

mlr

0

0

0

0




D = {(M + m) r + JM}
(
Jm + ml2

)
−m2l2r2

= (M + m)ml2r3 + (M + m)Jmr + JMJm + ml2JM −m2l2r2 (3.11)

3.3.1 Description of Sensor Outputs

In Section 3.2.1, three physical values vx, ϕ, dx are introduced as the important informa-

tion on operationa states. Each value has been measured using various sensors. vx or in the

case of a wheelchair θ̇ is measured by differentiating encoder outputs. ϕ can be measured

by integrating the output of a gyroscope. dx, especially the torque a rider exert to propel

a wheelchair is measured using a torque sensor. This measurement by each sensor has its

own shortcoming when it is used alone. The proposed observer which fuses all information

from all sensors can overcome these shortcomings.

Three sensors are adopted for the operational state observer: encoder, gyroscope, and

accelerometer. The outputs of these sensors can be described using the state variables

defined in the equation (3.9). An encoder measures the rotation angle of a wheel, θ. A

gyroscope measures the rotational velocity in the pitch direction, ϕ. As another sensor, a

two-axis accelerometer is utilized here. It measures driving acceleration and gravity. Two

measurements ax, ay by the accelerometer are illustrated in figure 3.7.

ax

g ay

ϕθr
..

Figure 3.7: Accelerations measured by accelerometer

Consequently, the output equations of three sensors can be given as Table 3.1.
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3.3 Development of Observer Based on Kalman Filter Theory

Table 3.1: Output equation of each sensor

Encoder yenc = θ

Gyroscope ygyro = ϕ̇

Accelerometer yaccx = rθ̈ cos ϕ + g sin ϕ

yaccy = g cos ϕ−Rθ̈ sin ϕ

Output equation of the accelerometer is not linear. Between two nonlinear outputs of

the accelerometer, ax can be linearized with ease. Assuming ϕ is not so large, cos ϕ is

approximated as 1 and sinϕ is approximated as ϕ. This results in the linearization of ax;

ax = rθ̈. (3.12)

This linearized output can provide linear output equation for the design of the operational

state observer.

The linear output equation is described as

y =




θ

ϕ̇

ax


 = Cx + Du. (3.13)

C and D is given as

C =




0 0 1 0 0 0

0 1 0 0 0 0

−rBθ

Jθ
0 0 g r

Jθ
0


 , D =




0

0
r
Jθ


 (3.14)

Cdt =




0 0 1 0 0 0

0 1 0 0 0 0

− r
D

(Jm + ml2) BM − r
D

mlrBm 0 1
D

m2r2l2g + g r
D

(Jm + ml2) r
D

mlr




Ddt =




0

0
r
D

(Jm + ml2)


 . (3.15)

Here also Cdt and Ddt are the detailed version of output equation based on the equation

(3.11).

3.3.2 Decision of Observer Gains Based on the Characteristics of

Sensors and States

The observer has three outputs, which makes the decision of observer gain not so simple so

that the kalman filter method is adopted for the calculation of the observer gain. Kalman

filter determines the optimal gain according to the covariance of noises in the system.
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Equation (3.16) and (3.17) describes a system with noises.

ẋ = Ax + Bu + w

y = Cx + Du + v (3.16)

w =
(

wθ̇ wϕ̇ wθ wϕ wdθ
wdϕ

)T

v =
(

venc vgyro vacc
)T

(3.17)

w is system noise and v is sensor noise. The kalman filter determines the observer gain

L based on the covariance matrix of these noises w, v. The noise covariance data for this

determination of the observer gain are set as follows.

E
[
wwT

]
= Q = diag

(
Qθ̇, Qϕ̇, Qθ, Qϕ, Qdθ

, Qdϕ

)
(3.18)

E
[
vvT

]
= R = diag

(
Rgyro, Renc, Racc

)
(3.19)

Qθ̇, Qϕ̇, Qθ, Qϕ, Qdθ
, Qdϕ and Rgyro, Renc, Racc are the adjustable parameters in this ob-

server. How these parameters affect the observation performance is examined by experi-

ments in next Section.

3.4 Experimental Results

As mentioned above, three sensors adopted here have their own shortcomings when they

are used alone. At first, the encoder measures the rotation angle of wheel. To obtain the

velocity information which is necessary for the feedback control introduced in next Section

from an encoder, the output of the encoder should be differentiated. This differentiation

makes the measurement noisy and incorrect at low speed. Secondly, the gyroscope mea-

sures the rotational velocity in the pitch direction. The inclination angle can be given by

integrating the output of the gyroscope. In this calculation, sensor noise in the gyroscope

is also integrated and results in the drift phenomenon. Lastly, accelerometer measures the

gravity and acceleration of motions, but the accelerometer is usually subject to the noise.

Following experiments makes clear that sensor fusion by the proposed observer design can

overcome these shortcomings and provide good measurements.

3.4.1 Verification of the Simplified Model

Figure 3.8 roughly shows the effectiveness the proposed observer. It compares the ob-

servation by the proposed observer with the conventional estimation. In the figure (a), the

dotted line is the estimation by differentiation of the encoder output, and the solid line

is the observation by the observer. In the figure (b), the dotted line is the estimation by

integration of the gyroscope, and the solid line is the observation by the observer. The

observation by the proposed observer is not so different from the conventional estimation

so that we can verify the accuracy of observation. The experiments were done on level

ground and on a slope. Figure 3.8 shows these two experiment results.
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Figure 3.8: Observation results using the simplified model

To verify the simplified model, the observation result based on the detailed version of the

equation (3.11) is shown in Figure 3.9. This estimation uses the same measurement data as

Figure 3.8: experiments on level ground and on a slope. Comparing the two observations, it

is clear that observation with the simplified model has almost same estimation performance

with the more detailed version. This experiment result suggests that an observer with a

simple model is sufficient to get the information when the parameters - the covariance matrix

in this experiment - are adjusted properly. Especially, this observation system has three

sensors which can estimate the states by themselves. This abundant sensor information

allows the observer to estimate accurate information with the simple model.

3.4.2 Fast and Noise-less Estimation of Velocity

Closer examination reveals the excellent performance of the proposed observer. Figure

3.10 is the velocity observation. The solid line is the estimation by the proposed observer,

and the dotted line is the differentiation of the encoder output. The differentiated velocity

is very noisy and delayed while the estimation of the proposed observer is fast and not

noisy.

This velocity-observation performance at low velocity is important in control of a wheelchair.

A wheelchair drives at slow velocities and decelerates to a stop frequently. It is an impor-

tant requirement to get accurate velocity information of a wheelchair even when it runs at
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Figure 3.9: Observation results using the detailed model

slow speed.

Feedback control proposed in Chapter 4 uses the velocity information of a wheelchair,

and it even differentiates that velocity. If the velocity itself is noisy, the feedback control

cannot provide satisfying performance to the user. As introduced in Section 1.1.1, in

human-friendly control such as control of a wheelchair, these noise or vibration in signal

can affect the user’s feeling in a displeasing way. In this meaning, obtainment of velocity

information of high quality by the proposed observer can be an important technology for

human-friendly control.

3.4.3 Sensor-noise Robust Estimation of Inclination Angle

Estimation by integrating the gyroscope signals is subject to sensor noise. The proposed

observer solves this problem; it can compensate for the drift using the accelerometer signals.

To investigate the robustness of proposed observer, a noise is added to the gyroscope output

at 10 sec. Figure 3.12 depicts the estimation of ϕ. Three experiments were done: on

level ground, on a slope, a wheelie. The dotted line is the estimation by integrating the

gyroscope signals in each experiment. After 10 second when an impulse type noise in Figure

3.11 is added, in the estimation by integration, this noise is also integrated and makes the

estimation fail, and never recovers from the error. On the other hand, the proposed observer

recovers from the error and converges to the right answer. All the three experiments show
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Figure 3.10: Fast and correct estimation of velocity by the proposed observer

that the robustness holds in various environments.

This robustness is due to the observer-based sensor fusion. The portion each sensor

contributes to the estimation is decided by the covariance matrix which is made use in the

design of the kalman filter gain. Equation (3.17) is the covariance matrix. According to

this covariance matrix, the observation performance changed as Figure 3.13 shows. When

the portion of the accelerometer becomes larger, the recovery from the error will be faster,

however the estimation becomes subject to the noise in the accelerometer.

There is a research on the prevention of a wheelchair from tipping over[11]. It adjusts the

assist ratio according to the inclination angle ϕ. However, only a gyroscope is used to get

ϕ there and it could not avoid the drift phenomenon. In that case, this proposed observer

can be a solution. There is another function the observer has.

3.4.4 Distinction of Operational Status

The estimated angle ϕ̂ is not sufficient for the control of a wheelchair. In the research

[11], the assisting torque will decrease when ϕ increases to avoid tipping over. However,

increase in ϕ does not always mean tipping over or wheelie. It also means the angle of a

slope where the wheelchair is on. The decrease in the assist ratio can help prevention of

tipping over during a wheelie, but it can decrease the torque which is necessary to attenuate

the gravity’s effect on the wheelchair when it is on a slope. In this meaning we need to

distinct whether the wheelchair is on a slope or during its wheelie.

The estimation of d̂θ can make distinction between slopes and wheelies. If the wheelchair

is on a slope, the gravity act as a disturbance in the backward direction, but if the wheelchair

is during a wheelie, it is not. Figure 3.14 shows the estimated ϕ̂ and d̂θ on a slope and

during a wheelie. Both ϕ̂ have non-zero value, and we cannot tell the actual state of the

wheelchair. However d̂θ are apparently different. While d̂θ has a constant value on a slope,

during a wheelie, it does not. By this experiment, the effectiveness of the proposed observer
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Figure 3.11: Impulsive noise added to the measurement of the gyroscope

as an operational state observer is proved.

3.5 Summary

The human motion control system consists of the nervous system and the muscle system.

The human nervous system is an excellent sensory system helping human control and

allowing quite complicated human motion. Human-friendly motion control also needs this

kind of sensory system. For instance, robots in Figure 1.4 and other power assistive tools

in Figure 1.4 employ a number of sensors to establish this sensory system, however to use

as many sensors as necessary is not feasible; the proposed observer-based sensor fusion is

one solution to this problem and can work as a substitute of this human nervous system.

In this meaning, the proposed operational state observer is one example that can be a key

technology in human-friendly motion control. The proposed observer is useful not only for

a wheelchair but also for other welfare tools such as humanoid robots. The states which

are monitored by the operational state observer - velocity, pitch angle, disturbance in each

state - are important values in human locomotion; human also uses this information for

his locomotion. In this meaning, the proposed observer can be generally used for various

mobile robots or tools that assist locomotion.
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Figure 3.12: Inclination angle estimation (ϕ̂) in various environments
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Chapter 4

Human-friendly Design of

Disturbance Attenuation Control for

a Wheelchair

4.1 Introduction

This chapter deals with the feedback control design portion of human-friendly motion

control. In Chapter 2, the relationship between control design and reaction force design is

scrutinized, and it provides a viewpoint to design a controller in human-friendly way. This

chapter applies that thought to design of feedback control of a wheelchair. As a major

disturbance to a wheelchair, the gravity’s effect is handled.

Adaptation to  
the environment

Excellent 
manipulability

Eleborate response 
to disturbance

Useful evaluation 
of control

sensitivity function design

time varying control

impedance control

learning systemlearning system

observer designobserver design

Figure 4.1: Design of a feedback controller in a human-friendly way

Necessary Assistance for a Wheelchair on a Slope

Problems in the conventional power-assist control which easily happens on a slope ex-

plained in the introduction: excessive assisting torque causing tip over and gravity inter-
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4.1 Introduction

ference. These are related to safety of the rider and must be coped with to make the

power-assisted wheelchair in a human-friendly way.

Firstly, the magnitude of the torque necessary to drive a wheelchair forward on a slope is

much larger than that for driving on level ground. Figure 4.2 shows the necessary torques for
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Figure 4.2: Necessary torques to drive a wheelchair (Upper: drive on level ground, Below:

drive on hill)

driving on level ground and driving on a slope. On a slope, torque necessary for maintaining

the height against the gravity is several times larger than the torque necessary for driving

the wheelchair forward. This toque should be assisted, but it is not in the conventional

power-assisting control.

Wheelchair

Figure 4.3: Gravity acting laterally on a wheelchair

Gravity also interferes with the moving direction of a wheelchair. On a slope described

in Figure 4.3, the wheelchair will easily turn by the gravity. It is quite difficult to keep
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4.2 Design of Disturbance Attenuation Control in the Forward Direction

going straight. Also, the torque necessary for keeping the direction is much larger than the

torque for going forward. This lateral disturbance should be rejected too.

From these facts, we can see the disturbance rejection should be done in two dimensions.

The other thing we should notice is the difference in design of disturbance-rejection control

on two disturbances. Forward disturbance should be rejected in the velocity level, and

lateral disturbance should be rejected in position level. This point will be explained later

in this chapter.

4.2 Design of Disturbance Attenuation Control in the

Forward Direction

In this section, a controller that attenuates the gravity’s effect in the forward direction

is developed. Basic strategy is based on the impedance control explained in Section 2.1.

4.2.1 Appropriated Impedance Design for Disturbance Attenua-

tion in a Wheelchair

In Section 2.1, it was made clear that three kinds of the most frequently used motion

control - force control, velocity control, position control - can be described in one form:

impedance control. Then, what kind of impedance control among these three is most

suitable for the attenuation of the gravity’s effect?

Force control can provide the torque that makes a wheelchair stop on a hill without human

operator’s power. However, to provide the exact torque, we should have the correct model

of the wheelchair. This is not acceptable, because the weight of a rider is not constant and

wheelchair’s motion has lots of nonlinearity such as friction so that the precise modeling of

a wheelchair’s motion is neither possible nor practical.

On the other hand, position control can provide the torque enough to stop the wheelchair

without the model of the wheelchair, and if it has a high gain, which also can be a large

stiffness, it can suppress the gravity sufficiently. However, the position control does not

accord with the rider’s feeling and consequently makes the rider feel unnatural. Under

position control, when a disturbance is added, the wheelchair will move a certain amount

by the disturbance. After the disturbance is removed, the wheelchair goes back to its

original position (Figure 4.4). This is the characteristics of the position control (See Figure

2.6).

What should we note is that human is accustomed to the velocity control in the back and

forth direction. Position error in this direction does not mean much to riders in a vehicle.

People are not sensitive in the position in back and forth direction. On the other hand, error

in velocity in this direction has significant meaning. For this reason, unintentional going

back described in Figure 4.4 produces unnatural feeling for the rider, because its direction,

which means a sign of velocity, is against the rider’s intention. This unintentional change

in velocity is unacceptable. Therefore, we can say that the position control is not suitable
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Force is added.
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Figure 4.4: Motion of the position-controlled wheelchair

for a wheelchair control in spite of its robustness. After these considerations, we can see

that the velocity control is most adequate to the gravity suppression control.

Velocity control does not need to be control to track a reference velocity. Compliance

control can be modified to the velocity control. Figure 4.5 shows the structure of gravity

attenuation controller proposed in this research. This is a compliance control which also is

a velocity control, because it has no stiffness in the impedance.

+
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+
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Figure 4.5: Structure of proposed disturbance attenuation controller for a wheelchair

1
Js+B

is the dynamics of the wheelchair, and “FF Cont.(Assist)” means a feedforward

controller to amplify the rider’s propelling torque, and it will be α
τf+1

, where α is an assist

ratio. Further discussion on this feedforward assist control will be done in next section.

Controller in the dotted rectangular is the gravity attenuation controller.

Increasing the friction and inertia of the wheelchair makes the wheelchair seem heavy to

gravity. The controller will produce just a certain amount of power to attenuate the effect

of gravity on the wheelchair. Nevertheless, this controller has no stiffness, and consequently

it does not provide actions like Figure 4.4. When a disturbance is applied, the velocity is

deviated from the reference velocity; on a slope, a wheelchair will if the rider does not apply
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any torque to the wheelchair The amount can be modified arbitrarily based on the inertia

and friction of the wheelchair changed by the filter C. To this end, we adopt Jds + Bd as

C, and it will change like follows:

1

Js + B
→ 1

(J + Jd)s + (B + Bd)
. (4.1)

4.2.2 Combination with Tip-over Protective Control

In last section, a power assistance that compensates the gravity on a hill is proposed.

However, there is another problem when we control a wheelchair on a hill. The wheelchair

will be tilted and its center of balance will shift to the unstable area, on a hill, that is,

inadequate power assistance makes the wheelchair unstable and tip over, because assisting

power will work in the same direction with gravity.

To cope with this problem, we start with the composition of power assisting torque. Now

that we employed the feedback controller in last section, the power assisting torque consists

of feedforward portion and feedback portion. Between these portions, the feedforward

portion accounts for tip over of the wheelchair, because its magnitude and momentum is

much larger than those of feedback portion.

The feedforward portion amplifies the torque applied by the rider. It consists of a first-

order time delay given as

α
1

1 + τs
(4.2)

where α is power-assist ratio and τ is the time constant of first order delay. τ is set small

at the beginning of propelling and large at the ending:

τ =

{
τfast

d
dt

Thuman > 0

τslow
d
dt

Thuman < 0
, (τfast < τslow) (4.3)
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Figure 4.7: Basic power assistive con-

troller used for tip-over protective control
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Following values are adopted in Figure 4.7.

τfast = 0.08[s], τslow = 1.0[s]. (4.4)

And the behavior of this controller is shown in Fig.4.6. Fig.4.7 shows the block diagram of

power-assistance controller.

Tip over of the wheelchair can be analyzed as the interaction between ϕCG and its angular

velocity, ϕ̇CG. ϕCG and ϕ̇CG are the rotational angle and its velocity of the center of gravity

of the wheelchair and its pilot in the vertical direction. The relationship between these

values of the center of gravity and the pitch angle of the wheelchair chassis ϕ which is

estimated by the operational state observer proposed in Chapter 3 can be assumed as

ϕCG = ϕ− ϕ0, ϕ̇CG = ϕ̇, (4.5)

where ϕ0 is the initial angle of the center of gravity when the pilot of the wheelchair does

not change his center of mass during operation.

Fig.4.8 shows the phase plane of the inverted pendulum motion. We can divide the

plane into three regions depending on the level of danger; A) proper safety zone where the

front wheels are in touch with the ground and ϕCG is stabilized, B) semi-safety zone where

ϕCG < 0, ϕ̇CG > 0 so that the front wheels float temporarily, but they comes in touch

with the ground again by the gravity, and C) dangerous zone where the front wheels float

and ϕCG is destabilized and the wheelchair tips over.
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Figure 4.8: Phase plane of the angle ϕCG

The phase plane 4.8 describes motions by the gravity. If other torque is applied to

ϕCG it transfers the phase to the right side and make it unstable. Taking this point into

consideration, tipping over of the wheelchair can be prevented. For this problem, Hata[11]

proposed assistive control which has a varying assistive function. In his research, he changed
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the assist ratio which is described as α in Figure 4.7 as follows:

α = αmax exp

(
β

ϕ̇CG

ϕ̂CG

)
(4.6)

where β is the time constant which decides the decreasing speed of the assist ratio α, and

αmax is the maximum assist ratio. In [11], Hata also developed an observer that can

estimate ϕCG, but it uses only a gyroscope as the output so that it is subject to the noise

in the gyroscope. Compared with that observer, the operational state observer proposed in

Section 3 can provide better estimation and consequently Hata’s control can be improved.

For this reason, here, the variable assist ratio α is decided using ϕ̂ estimated by the operation

state observer and the angular velocity ϕ of the chassis measured by a gyroscope.

α = αmax exp

(
β

ϕ̇

ϕ̂− ϕ0

)
, (4.7)

Another noticeable point is the independence of this tip-over protective control from the

gravity-attenuation control. The control to prevent a wheelchair from tipping over is a

feedforward control. On the other hand, the control that attenuates the gravity’s effect on

the wheelchair is a feedback control. These two controls work independently (See Figure

4.5).

Moreover, from the viewpoint of the frequency domain, they are also independent. The

tip-over protective control changes the ratio α especially when the rider starts to propel.

This means d
dt

Thuman > 0 and the time delay of feedforward assisting control τfast is

small according to the equation (4.3). In this meaning, the feedforward tip-over protective

control is related to the high bandwidth. The gravity-attenuation control feedbacks the

velocity information, and it has a certain amount of time delay which is roughly equal

to the time delay of the wheelchair dynamics itself, J
B

. This is large enough compared

with τfast, and consequently the gravity-attenuation control is mainly related to the low

frequency bandwidth. These points are studied later using the experimental results.

4.2.3 Experimental Results

The effectiveness of this gravity attenuation controller is verified by experiments. Two

kinds of experiments are conducted. One is done on level ground and the other is done

on a hill. The results are shown in Figure 4.9. Focusing on the motor torque, we can see

that on a hill, the controller produces a certain amount of motor torque while there is no

human torque input, and it suppresses the falling down of the wheelchair. The amount of

produced torque can be adjusted by the Bd parameter, and the parameter Jd will adjust

the response time against gravity.

After 15 seconds, the rider applied the torque that runs the wheelchair backward. Even

in that case, almost same torque is produced, which means the motor torque works in the

opposite direction of the propulsive torque by the rider. This makes clears that the feedback

control attenuates the gravity’s effect regardless of the direction. To assess the effect of the
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Figure 4.9: Experimental results (Left: drive on level ground, Right: drive on a hill))

0 5 10 15
−1.5

−1

−0.5

0

0.5

1

1.5

2

time(sec)

FF assist torque
tilt angle
FB assist torque
forward velocity

Figure 4.10: Assist torque on a downhill

controller on downward hill, another experiment is conducted on downward hill. Figure

4.10 describes the result.

Here, the tilt angle describe as dotted line in the Figure shows that from 4 second the

wheelchair goes into a downhill. Then, the feedback assist torque described as the dashed

line increases gradually and finally it reaches a certain value. We should notice that this

controller does not remove the effect of gravity perfectly, which means that this feedback

controller will not stop the wheelchair on a hill. In Figure 4.10, during the period from 7

second to 8 second, the wheelchair moves on at a constant velocity. This result is caused

by the type of impedance that the feedback control adopts.

Around 12 second, the user applies his torque to move on to the forth, which means

positive feedforward assist torque is applied and the wheelchair goes downward. However

the feedback assist torque is still negative and it leads to slow acceleration so that it can

ensure the safety of the user.
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During level road operation from 0 second to 3 second, and backward propulsion on the

downhill from 8 second to 10 second, the feedback assist torque is generated in the oppo-

site direction of the feedforward torque. This is due to the difference between the nominal

dynamics 1
Jns+Bn

in Figure 4.5 and the real dynamics of the wheelchair. The proposed con-

troller produces the feedback torque according to the difference between simulated velocity

and the actual velocity; that is, not only external force but also modeling error will cause

the feedback assist torque. If the nominal parameters Jn and Bn are set bigger than the

real values and the simulated velocity is smaller than the actual velocity, negative feedback

torque is produced to track the actual velocity to the simulated velocity. This is the reason

why the opposite torque to the feedforward torque is produced by the proposed feedback

controller in the above experiment. Nevertheless, due to the impedance configuration in

the feedback controller is not so stiff that this opposite feedback torque is not so large. This

feature can be modified by adjusting the parameters Jn, Bn and the feedback impedance

Jd and Bd.

Another experiment to assess the combination of the proposed feedback controller with

the tip-over protective control is conducted. To investigate the effect of the tip-over protec-

tive controller on the proposed feedback control, two experiments are conducted changing

the β in Equation (4.7).

At first, let us note the dotted line which means the tilt angle of the wheelchair chas-

sis. This is estimated angle of ϕ in Figure 3.3 which indicates the inclination angle of the

wheelchair chassis. The ϕ is changed by the condition of terrains on which a wheelchair tra-

verses and also by wheelie, or lift of the front wheels. In all experiments, as the wheelchair

goes up to a hill, the estimated ϕ̂s increase and arrive at a certain constant value repre-

senting the angle of the hill. On the hill, the pilot exerts some torque to the wheels and it

causes the lifting of front wheels, which is described by a peaks of ϕ̂ in Figure 4.11.

We need to scrutinize the values of the feedback assist torque and the feedforward assist

torque around these peaks of ϕ̂ to reveal the performance of the combination. Let us take

a close look around those peaks in the upper figure. First, human torque is exerted, and

when ϕ̂ is about to rise, the assist ratio decreases leading to the decrease in the feedforward

assist torque. During this period, the feedback controller offers negative torque due to the

modeling error in 1
Jns+Bn

. After the decrease in the feedforward torque, the feedback torque

returns to the constant value to compensate the gravity force. Figure 4.11 (b) is the result

of the experiment with β = 1. With this control parameter, the decrease in the feedforward

is insufficient, and consequently the peak of ϕ̂ is higher that that of (a), which means the

protection of tip is insufficient and results in tipping over. As discussed before, since the

feedback controller provides a certain mount of torque to compensate the gravity’s force,

β in the tip-over protective control should be smaller than that of without the feedback

control.

This behavior of assist torque satisfies two requirements for power assist control on sloping

surfaces: prevention of tipping over and compensation of the gravity. Figure 4.12 depicts

the same experimental result with Figure 4.11 (a) but with the combined torque of the

feedback and feedforward control.
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Figure 4.11: Experiment of tip-over protective control with disturbance attenuation control
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Figure 4.12: Combined assist torque during wheelies

One noteworthy point is the behavior of this combined torque after the feedforward

torque is reduced by the decrease in the assist ratio. During some period after the decrease,

the combined torque tends to keep a larger value than the value of the feedback torque

provided while there is no human input. This additional torque is due to the feedback

assist torque (see the same part of Figure 4.11) and helps reducing the dropping speed of

the front wheels. This prevention of rapid shift in the center of gravity is another feature

of the proposed disturbance attenuation control.

4.3 Lateral Disturbance Rejection Control

As is explained in the introduction, when a wheelchair crosses a slope as described in

Figure 4.3, it is difficult to keep the direction; because the gravity works as a disturbance

that changes the moving direction. This section focuses on this problem.

4.3.1 Lateral Dynamics of a Wheelchair

First, the lateral disturbance that causes changes of the moving direction should be

defined mathematically so that we can control it. Figure 4.13 shows the definition; the

lateral disturbance is defined as the difference between the external disturbances on the

left and right wheels. Disturbance, here, means the other external torque than the motor

produces.

This definition of lateral disturbance may seem too simple to explain the lateral motion

in detail. The lateral dynamics of a four-wheel vehicle such as a car is, in general, described

in a more complicated way [15]. It deals with the yaw-moment, side forces, cornering forces

and other physical elements in lateral motion of a car. Figure 4.14 shows that physical
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Figure 4.14: Lateral dyanamics of a four-wheel car

In the two-dimensional motion of a four-wheel car, the front wheels of a car is restricted

by steering and it produces cornering forces which are described by Fc1 to Fc4 in Figure

4.14. These forces are induced by the side-slip angle which means the angle between the

moving direction and a tire, and they are the main input forces to the lateral motion of

a car. Moreover, since a car has four wheels and four cornering forces, yaw moment is

generated by the relationship between them. The lateral dynamics of a car is modeled in

this way.

However, the lateral dynamics of a wheelchair is simpler than that of a car. The front

wheels of a wheelchair are casters and not restricted. Thus, the front wheels produce

neglectable amount of cornering forces. The side-slip angle is not so large that we can

neglect the cornering forces of rear wheel too. Apart from it, the length of a wheelchair
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is much shorter than that of a car. Consequently, we can assume that the difference

between driving forces applied two rear wheels is the only input in the lateral dynamics of

a wheelchair. This assumption justifies the definition of lateral disturbance in Figure 4.13.

Figure 4.15: Casters as front wheels of a wheelchair

Using this definition, controllers which control this lateral disturbance can be designed.

4.3.2 Important Feature in the Lateral Control of a Wheelchair

Last Section proposed a controller that suppress disturbance in the back and forth di-

rection. In human-friendly motion control, the lateral direction needs different strategy

in disturbance suppression control. Human beings in a vehicle are accustomed to velocity

control in the forward direction and position control to the lateral direction (see Figure

4.16). This is made clear when we investigate to which kind of steady-state people are

most sensitive.

velocity control

position control

Figure 4.16: Necessary control in each direction
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In the forward direction, people do not care about position errors. The precise position

of a vehicle does not mean much to riders. However, an error in velocity can make rider

feel unnatural. It is true that a driver in a car conducts velocity control in the forward

direction using an accelerator. On the other hand, in the lateral direction, he does position

control by steering because errors in lateral position results in the wrong direction.

This is the point we should take into consideration when we design lateral control for a

wheelchair. Based on this idea, two controllers will be suggested.

4.3.3 Two Types of Lateral Disturbance Rejection Control

Figure 4.17 and 4.18 are the proposed controllers.

Pr(s) Pl(s)

Pn(s) Pn(s)

C1(s) C1(s)

C2(s)

yr y
l

dr dl
τ
r τ

l

elat

+-

+ -
er e

l

Figure 4.17: Structure of a lateral disturbance rejection controller - force control type
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Figure 4.18: Structure of a lateral disturbance rejection controller - position control type

As discussed in the last section, small difference between the angles of two wheels makes

a turn in the wheelchair. Two types of lateral controls described in Figure 4.17 and 4.18 are

designed to remove this difference. One is force type that removes the lateral disturbance

force; the other is the position type which makes high stiffness against the lateral distur-

bance force. Figure 4.17 is the force type control because it can deal with the disturbance

force according to the design of C2 filter. Figure 4.18 is the position type control because it

feedbacks the position error. A more detailed explanation will be given later on the features

of these two control designs.
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What is noticeable is that in these Figures, the forward disturbance attenuation con-

trollers are included too. Controllers in the red colored rectangles are the forward distur-

bance attenuation controllers, and controllers in the blue colored rectangles are the lateral

disturbance rejection controllers. These two kinds of controllers constitute two dimensional

disturbance suppression control of a wheelchair. A power assistive wheelchair has two

motors in both wheels so that it can achieve this two dimensional control.

Firstly, C2(s) for the force type control in Figure 4.17 is designed. Let the lateral distur-

bance be defined dlat like equation (4.8). dr and dl is the disturbance acting on the right

wheel and the left wheel respectively.

dlat = dr − dl (4.8)

The purpose of this lateral assistance control is make the effect by this dlat on er − elas

small as possible. Let’s define this er − el as elat. Considering the transfer function from

dlat to elat, the controller C2(s) can be designed.

The transfer function in Figure 4.17 is

Tlat1(s) =
er − el

dlat

=
P

1 + PC1

− 2PC2P

1 + PC1

, (4.9)

where Pr = Pl = Pn is assumed.

To make this transfer function insensitive C2(s) is designed like equation (4.10).

C2(s) =
1

2

P−1
n (s)

τs + 1
(4.10)

This makes the transfer function Tlat1(s) 0 ideally.

This C2(s) has a inverse dynamics of a wheelchair, and thus it estimates and control

the lateral disturbance force under ideal conditions; this is why it can be classified as force

control. In the meaning that it estimates the disturbance, this control can be a disturbance

observer in the lateral control which has been researched in [20], [14].

C2(s) in Figure 4.18 is designed like below. The transfer function is different in Figure

4.18.

Tlat2(s) =
er − el

dlat

=
P

1 + P (C1 + 2C2

s
)

(4.11)

To achieve position type control, C2(s) should provide some stiffness against the lateral

disturbances.

C2(s) =
1

2
(KDs + KP ) (4.12)

This C2(s) makes the transfer function

Tlat2(s) =
1

(J + Jd)s2 + (B + Bd + KD)s + KP

. (4.13)

Here, KP works as the stiffness against the lateral disturbances which is a key parameter

determining how much the controller suppress lateral disturbance. In spite of this existence

of stiffness KP , a constant lateral disturbance can cause a constant position error elat. If
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we want to reject that error, an integrator KI

s
should be added in C2(s), but it may bring

about some troublesome problems such as wind-up to which the integration is subject.

For suppression of the forward gravity, C1(s) employs the controller described in Figure

4.5 and just increases the inertia and damping against the forward gravity. But the C2(s)

allows us a strict disturbance rejection control in the lateral direction. This is the control

strategy for the two dimensional disturbance attenuation control of the wheelchair.

4.3.4 Experimental verification of proposed method

For the lateral disturbance rejection control verification, the following two strategies are

the experiment was done in this way:

• Forward disturbance rejection control is designed strong, which means Jd and Bd in

Figure 4.5 is small.

In contrast, lateral disturbance control is designed strong enough to suppress the gravity’s

effect. This design will make distinction between two controllers’ performance, and by this,

the effectiveness of the lateral disturbance suppression control can be verified.

• Torque exerted by the user is not assisted so that the torque will work as disturbance.

This means that we use human torques as lateral disturbances. Those disturbance torques

can be measured and help us see how our proposed controller works. Figure 4.19 to 4.21

are the results. The lateral controller of the force type in Figure 4.18 is experimented.

Figure 4.19 shows the exerted torques as disturbance, and this disturbance is calculated

by subtracting two exerted human input torques. The blue dotted torque is applied to a

wheelchair without the lateral control, and the red line is to a wheelchair with the lateral

control. At the beginning (to 5 second in the w/o control case, and to 7 second in the w/

control case), the right and left torques are exerted in the same direction so that the lateral

disturbance, or the difference between the left and the right input torque is not so large.

After that period, the torque is applied in the opposite directions, and it produces quite

large lateral disturbance.

Figure 4.20 is the output of this applied torque, and shows the differences between the

right and left wheel angles. Without the lateral control, the difference becomes large, and

this will make the wheelchair turn against the user’s will. While, with the control the

difference does not become so large that the lateral disturbance does not interfere with the

moving direction.

Independence between the forward control and the lateral control is also verified with

experiments. In the following experiment, Jd, Bd in Figure 4.5 is designed small to decrease

the performance of the forward disturbance attenuation control.

Figure 4.21, 4.22 shows that the proposed lateral control rejects only the lateral distur-

bance. Figure 4.21 is the measured disturbance, and it shows the disturbances on two

wheels respectively. Until 7 second, both right and left disturbances are working in the

same direction, which drives the wheelchair straight. Angles described in Figure 4.22 shows
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Figure 4.19: Exerted lateral disturbances
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Figure 4.20: Differences between the right and left wheel angles
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Figure 4.22: Independence of the control on the direction: wheel angles
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that the wheelchair goes forward until 7 second and the disturbance is not removed. From

7 second, the torque works in the opposite direction. Although the magnitude of the torque

is much larger, the angle driven by that torque is quite small and the right and left distur-

bances are eliminated. This makes clear that the proposed controller rejects disturbances

when they are applied in the opposite direction, which means that proposed controller

rejects only the lateral disturbance.

4.4 Summary

4.4.1 Three Dimensional Control for a Wheelchair

Disturbance attenuation control in two directions was proposed in this chapter. Apart

from it, in the forward direction, tip-over protective control can also be added to this two-

dimensional control. All these controllers can work independently, and it achieves the three

dimensional control of a wheelchair: disturbance rejection control for the forward and the

lateral direction, tip-over protective control for the pitch direction.

Disturbance rejection controls in two directions can work independently because the

number of actuators is two and provide enough degree of freedom. It fully uses the degree

of freedom of two motors in both wheels. For the forward direction, forward disturbance

rejection control and tip-over protective control use the same actuator, nevertheless their

frequency bandwidth are different. As a result, they can be implemented at the same time

and conduct their own control without interruption.

Furthermore, these control designs are done in the human-friendly way.

4.4.2 Appropriate Disturbance Attenuation for Human User

Human-friendly design of disturbance rejection control is introduced and explained. The

most important point in this human-friendly design is the consideration of the impedance

concept. In contrast to the conventional industrial control applications that are designed

with the aim to eliminate external disturbances and track to the reference values, in welfare

tools such as power assistive tools, the performance of disturbance attenuation control

should be evaluated in other way. It should consider the influence of the controller on the

feeling and safety of the users. In this meaning, the impedance of a feedback control that

decides how to react against disturbance is one of the most important factors of making

the system human friendly because the impedance also affects the user’s feeling and safety.

Impedance control has employed 1
Ms2+Ds+K

as the standard impedance. However, be-

cause impedance control is a general form of various kinds of feedback control as discussed

in Chapter 2, it can have a range of impedance option. The impedance should be designed

more carefully according to the cases. For instance, the proposed two-dimensional con-

trol; for the forward direction, a velocity type impedance was adopted and for the lateral

direction, a position type impedance was adopted.

There are problems suggested here but unsolved; how should we design proper impedance
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for welfare tools or what kind of impedance is the most suitable for each power assistive

application. These can be listed as future works, and furthermore the fractional impedance

or human muscle model suggested in Chapter 2 can be key technologies in this advanced

impedance design.

- 61 -



Chapter 5

Development of External Force

Amplification Control as a

Sensor-free Power-assist Control

5.1 Introduction

Human-friendly motion control for power assist devices also needs external force am-

plification. The situation where the power assist devices are used explains this necessity;

these tools are located near people so that the user himself may be a disturbance from the

viewpoint of assisting motor. Consequently a controller needs to support or amplify this

external force caused by the user.

This circumstance of usage calls for the following specifications.

Assist human force without any force sensor Power assist devices should assist ex-

erted human force without a force sensor.

Guarantee users’ safety Power assist devices should be more sensitive to the user’s force

than to a reference force.

These specifications will be satisfied by the external force amplification control proposed in

this chapter.

Figure 5.1 describes the general block diagram of the usual power assist devices. They

have force or torque sensors to measure the force exerted by a user, and then the controller

produces necessary force reference according to the measured forces (amplified by K times

in Figure 5.1). However, due to the force sensor, power assist control comes to cost too

much and the way it supports the user is restricted.

The external force amplification control, as it is a controller that makes a plant sensitive

or light to a external force using position feedback, can achieve power assist control without

any force sensor. This is one feature of the external force amplification control.

Secondly, from a safety perspective, this external force amplification control is important.

The strict disturbance ( that is another name of external force ) rejection which has been

employed in the industrial applications is likely to endanger the user. Motor systems used

near people should react more sensitively to human force. There was an accident that
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Js + B

1Human 
torque

Vr+

K

+

Figure 5.1: Conventional power assist system

indicates a motor system controlled without this consideration did harm. An automatic

revolving door in Tokyo crushed a child to death on March 2004. If that door would have

acted more sensitively to the force of the boy, he could have been saved. This is another

necessity of the external force amplification control.

Figure 5.2: Revolving door accident leading to a death of a boy (Tokyo)

These two points are scrutinized; the achievement of force-sensor-less power assist control

is designed for a wheelchair and verified by experiments, and the increase in the safety of

users is simulated considering the two degree-of-freedom characteristics of the proposed

controller.

5.2 Development of Power Assist Control by Impedance

Design

5.2.1 Relationship between Impedance Design and Power Assist

Control

Figure 5.3 is the most general block diagram of power assist control in more detail.

- 63 -



5.2 Development of Power Assist Control by Impedance Design
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Time
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Figure 5.3: Characteristics of human torque as reference input

In this power assist control, human force is measured to be assisted by a motor, and

the force sensor is a straightforward solution to obtain force information. However, from

Figure 5.3, we can figure out that human force acts as disturbance to the controller because

any input to the plant that is not from the motor is recognized as disturbance in feedback

control. The impedance to the disturbance is decided according to the feedback controller

design. This viewpoint is what this dissertation has suggested, and it is also a key to achieve

the force-sensor-less power assist control.

This equivalence of human force and disturbance allows us two approaches to design

this force-sensor-less power assist control: impedance control[19] approach and disturbance

observer approach.

Figure 5.4 depicts the impedance control using velocity feedback.

Js + B

1

Human force

Vr

 JAs

Tas + 1

+

-

BA

-

+

Figure 5.4: Compliance control for flexible disturbance attenuation

Note that this control is basically same with the disturbance attenuation control adopted

in Section 4. This feedback control makes the dynamics from human force to the velocity

of a plant as following;

Tc1(s) =
1

(J + JA)s + (B + BA)
(5.1)
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In this dynamics, the new inertia J +JA and the new damping B +BA (or the time con-

stant J+JA

B+BA
, and the DC gain 1

B+BA
) are two important physical parameters. By changing

JA and BA, we can change these two parameters.

To sensitize a motor to disturbance or amplification of external force means to make this

inertia and damping small. To this end, JA and BA should be negative, and consequently

it will be positive feedback. This is likely to make the system unstable. For this reason,

using this structure directly may not be appropriate for power assist control. This structure

is only suitable for disturbance attenuation. (Chapter 4 adopts this controller in the two

degree-of-freedom form to attenuate the disturbance.) Nevertheless, the idea that to render

the impedance of a system smaller so as to assist human force is still effective.

In next section, a novel control strategy for external force amplification based on the above

idea; that is, to render the impedance for power assist control, and to use the disturbance

observer.

5.2.2 Impedance Design Using the Disturbance Observer

There are some researches that use the disturbance observer to measure human force [20],

[16]. These researches suggested force-sensor-less power assist controls for wheelchairs. It

should be noted that these researches focus on retrieving the precise magnitude of human

force from observed disturbance, because they aimed to use the estimated human force as

a force or acceleration reference.

average

Figure 5.5: Power assist control proposed in [16]

Figure 5.5 is the controller adopted in [16]. It uses the reaction torque observer which is

depicted in Figure 5.6. It estimates human force input τh using the disturbance observer

and previously-measured other disturbance force τinit such as friction. The research [20]
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Figure 5.6: Reaction torque observer

also uses this reaction torque observer. This estimation relies on the precise model of the

plant (here, a wheelchair) and the precise value of τinit. The reaction torque observer can

estimate only if τinit = τother, but the elements that constitute other disturbances τother is

varying easily. This causes problems in real applications.

The other necessary consideration is about how to use this estimated human force in-

formation. [16] and [20] used the estimated value as a command reference. This works

very well when the models are correct, however, when there are modeling errors, this kind

of usage may be too sensitive to those errors and even difficult to analyze the stability

characteristics if the controller adopts a nonlinear filter [16].

Here, in order to realize power assist control, another usage of the disturbance observer

based on the impedance concept is proposed. As discussed in the last section, decreasing

inertia is related to increasing sensitivity and it results in as power assistance. Hori[18]

suggested inertia control which can simulate the inertia value of motor using disturbance

observer. This inertia control only adjusts inertia value in low frequency band. Adding

damping factor into this control enables us to have enough parameters for impedance design.

Figure 5.7 is the proposed controller which includes the damping factor (BM).
1

Js+B
is the dynamics of a plant. Here, the simple dynamics of a wheelchair is employed.

The rectangle blocked by the dotted line is the disturbance observer which observes distur-

bance including human force. 1
JMs+BM

is the target impedance, a key factor in this control

design. These disturbance observer and target impedance makes the target velocity vimp.

As a result, the velocity of the plant will track this velocity vimp with the gain A.

In this control, it is not necessary for the real velocity to track vimp. Although 1
JMs+BM

is called as the target impedance, the resultant impedance does not need to be 1
JMs+BM

,

which means the gain A does not need to be high for tracking performance. The achieved
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+

+
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Figure 5.7: Block diagram of proposed control design

impedance shoule be considered including all parameters. With this control system, the

impedance which is defined as the transfer function from human force to velocity will be

given as Equation (5.2).

T (s) =
1

Js + B + A

(
JMs + BM + A

JMs + BM

)
(5.2)

It is true that if A is high enough, the resultant impedance will be the target impedance
1

JMs+BM
. However, since A is a good parameter that decides the impedance in Equation

(5.2), it should be decided according to designer’s intention in terms of impedance not

velocity tracking gain. How to decide these parameters or the relationship between these

parameters and control performance is explained in section 5.4.2.

5.3 Analysis of the Proposed Assistance Control Us-

ing Simulations and Experiments

5.3.1 Application to a One-link Robot System

In order to verify the proposed power assist control method, we apply the proposed

controller to a robot which has one arm. The experimental setup is described in Figure 5.8.

The robot has one arm and an operator add his force to the arm. By investigating

velocities driven by the human force, we can examine the performance of the proposed

control method. Figure 5.9 shows the results.

Two experiments were practiced; one without proposed controller, the other with the

controller. In both experiments no torque reference is supplied, and the arm is driven only
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Human 

Force

Motor Torque

Figure 5.8: Experimental setup

Table 5.1: Parameter values (normalized to motor voltage)

J 0.024 B 0.1 JM 0.005 BM 0.001 A 1

by the external human force. Figure (a) shows observed disturbances in both experiments,

and the disturbances include human force. We can see the ranges of both force are not so

different each other.

Figure (b) shows the velocities of the robot arm. In spite of the similar ranges of input

forces, the ranges of velocities are different each other. Velocity with proposed control is

almost two times bigger than the one without control.

Figure (c) shows tracking characteristic of the controller. From this result also suggests

appropriate JM , BM and A is able to achieve desired disturbance reaction design.

5.3.2 Analysis of Two Degree-of-freedom Characteristics

This proposed control algorithm can also be a solution to the revolving door problem.

This section formulates the problem from the viewpoint of control design, and explians how

the proposed control design can be a solution to the problem.

Figure 5.10 depicts two operational situations of a revolving door. Figure 5.10 (a) shows

general operation where the door is revolving at a constant speed. This operation needs

a constant torque reference for a motor, and the magnitude of the torque can calculated

based on the dynamics of the door. Let us model the dynamics as

ωdoor =
1

Jdoors + Bdoor

(τref + τext) , (5.3)

where ωdoor is the rotational velocity of the door, and τref is the torque by a driving motor.

If the driving torque τref is Bdoorωref , and there is no external torque, the door will revolve
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Figure 5.9: Experimental results
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Motor

Feedforwad control

for constant speed

operation

Motor Feedforward control
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manipulation

(Motor Torque)

Manipulation by human

(Human Torque)

(a) General operation (b) Force is applied by a human

Figure 5.10: Operational situations of a revolving door

at the constant velocity ωref .

τext is other external torque to the door, and human force applied to the door is regard

as this τext. Figure 5.10 (b) describes the situation where a human applies his torque as a

external force to the door. In this operation, a human should exert the same torque as the

motor to stop the door.

This is the problem. If the door is big and Bdoor is large, τref to revolve the door needs

to be large. Under this circumstance, when the door is too big or the person is too weak,

the motor’s torque defeats human torque, and endangers him because a person who wants

to stop the door by his force, should provide the same large force to stop the door.

What difference the proposed controller can produce if it is applied to this system? The

dynamics with the proposed controller will be

ωdoor =
A

Jdoors + Bdoor + A
τref +

1

Jdoors + B + A

(
JMs + BM + A

JMs + BM

)
τext. (5.4)

In order to make clear the difference, the force to stop the revolving door will be compared.

Without the proposed external force amplification control, the necessary force was

τext = −τref = −Bdoorωref . (5.5)

On the other hand, with the proposed control the relationship comes to be 5.6.

τext = − ABM

BM + A
τref = − ABM

BM + A
Bdoorωref . (5.6)

This equation means that the feedforward motor torque τref will be confronted by the

human force with a ratio of − ABM

BM+A
. It is interesting that the ratio can be arbitrarily

decided regardless of the physical values of the plant such as Jdoor, Bdoor. Usually, the ratio

is set smaller than 1, which is explained in Section 5.4.2.

This is the two degree-of-freedom characteristic of the proposed controller. The dynamics

by a feedforward motor torque and by external torque are determined separately. In general

operation, a motor provides a certain amount of torque to revolve the door at a certain
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velocity, and this is a feedforward control. However, when external force is applied, the

system moves more sensitively to the external force by the proposed feedback control. Thus,

in spite of a large magnitude of the feedforward reference torque, a human can stop the

door with smaller force.

A simulation is conducted using the parameters in Table 5.1 to ascertain this fact. Figure

5.11 shows the result.
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Figure 5.11: Simulation considering revolving door application

Parameters in Table 5.1 are chosen to the simulation. The upper figure is the feedforward

reference torque τref , the middle figure is human force τext, and the lower figure describes the

velocity of a plant ωdoor. After the feedforward reference torque is produced at 1 second,

the human force is applied, then the velocity comes to zero gradually. Notice that the

human force necessary to stop the plant is almost 1
100

(precisely 0.01
1+0.01

with the parameters

in Table 5.1) times the force τref . The possibility of the proposed controller as a solution

to the revolving door accident is verified by this simulation.

5.4 Application to a Wheelchair as Force-sensor-less

Power Assist Control

5.4.1 Problems in the Conventional Pushrim Activated Power

Assist Wheelchair

In this section, the proposed external force amplification control is applied to a wheelchair.

Recent power assist wheelchairs are mostly pushrim-activated wheelchairs [2]. The wheelchair
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used for experiments in this research is the JW-II by YAMAHA, which is also pushrim-

activated type. Figure 5.12 shows overall view of the wheelchair and the location of a

torsion sensor attached between the pushrim and the tire. These kinds of force sensors

only measure forces that are applied to limited parts of the wheelchair. In these cases,

only the torque applied to the pushrim is measured. For this reason, a human helper who

assists a person on a wheelchair by pushing the wheelchair does not benefit from power

assist control. If a sensor is installed in the handle for a helper, a rider will not benefit. In

this way, the force sensors restrict the way that power assist control works. Moreover, the

sensors are expensive and become one reason that makes the power assist wheelchairs cost

that much.

Consequently, the power assist wheelchair can be said one of the most suitable application

of the proposed external force amplification control since the force-sensor-less power assist

control can cope with these two problems.

Push rimPush rim

torsion

sensor

Figure 5.12: Experimental equipment

Figure 5.13 is the control strategy for the realization of a power assist wheelchair with

the force-sensor-less power assist technique. First, the proposed external force amplification

control is the core technology in achieving this wheelchair. Apart from it, we need to know

how to tune the parameters in the controller and how the model uncertainty affects the

performance of the system. Moreover, the influence of the gravity to the system should be

considered because the gravity also will be amplified in this system.

These three issues are addressed in the following sections.
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Figure 5.13: Strategy for a sensor-free power-assist wheelchair

5.4.2 Numerical Consideration of Control Parameters

The control parameters adopted in Section 5.2.2 are left unexplained. In this section,

relationship between the parameters and control performance is clarified in this section.

For the application to the power assist wheelchairs, the explanation of the parameters can

be done with a step torque input because human torque applied to a wheelchair can be

modeled as a step or impulse signal (Figure 5.14 is a torque pattern in usual operation).

Moreover, we need some simplicity for the mathematical analysis of parameters. For these

reasons, the analysis from now is done with a step torque input.
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Figure 5.14: Usual torque pattern by a user

Dynamics from human force to velocity of a wheelchair without the proposed control can
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be simplified as

P (s) =
1

Js + B
=

1

τbs + 1
(5.7)

For simplicity, DC gain, which is 1
B

, is normalized as 1 here. The only parameter of the

wheelchair, then will be τb which corresponds to J
B

.

With the proposed control, this dynamics is converted to Equation (5.8).

Pc2(s) =
1

Js + B + A

(
JMs + BM + A

JMs + BM

)
= K ′ 1

τb′s + 1

τhs + 1

τls + 1
, (5.8)

where some new parameters are adopted for analysis. The relationship between the param-

eters are: K ′ = BM+A
(B+A)BM

, τb′ = J
B+A

, τl = JM

BM
, and τh = JM

BM+A
. These new three parameters

can be modified by changing the control parameters JM , BM , A. Using the new parameters,

analysis of control performance can be conducted in time domain. Three key indexes of the

performance are the time constant, the DC gain, and the peak value of jerk.

Time constants and DC gain

The DC gain is represented by K ′, and it means the same as the assistance-ratio in the

conventional power assist control (α in Figure 1.7). Also in the proposed control method,

this value is interpreted as the gain in the low frequency band. In the high frequency band,

the gain will be changed.

In Equation (5.2), τb′ = J
B+A

,τl = JM

BM
are two time constants. To investigate the role of

these two time constants, step torque is used as an input to Pc2(s). Then, the velocity of

the wheelchair will be

vr(t) = 1− τb′ − τh

τb′ − τl

e
− 1

τb′
t
+

τl − τh

τb′ − τl

e
− 1

τl
t
, (5.9)

where τh is set smaller then τb′ , τl.

If τb′ > τl then, e
− 1

τl
t
> e

− 1
τb′

t
and the coefficients will be τb′ − τh > τl − τh. As time goes

on, the relationship between the coefficients τb′ − τh and τl − τh plays more important role

than that of e
− 1

τl
t

and e
− 1

τb′
t

does, which means the first term has a larger effect on this

velocity. But there also can be a period where the effect by e
− 1

τl
t
> e

− 1
τb′

t
is larger than the

effect by the coefficients; the second term has a larger effect on this velocity.

As discussed in the last section, when a person is riding a wheelchair, he controls the

velocity. At the accelerating phase, he adds torque until the velocity reaches a certain level.

We call this certain velocity level as ‘satisfying velocity’, and the time to reach ‘satisfying

velocity’ as ‘velocity climbing time’. In Figure 5.15 (a), the two velocity patterns are

depicted, and the satisfying velocity and climbing time are described. Decrease in this

climbing time is related to the power assistance. To decrease the velocity climbing time,

DC gain K ′ should be high or time constants τb′ , τl should be small.

At the deceleration phase, the velocity damping time (described in Figure 5.15 (b)) plays

an important role in power assistance. It is related to τb′ , τl. To increase the velocity

damping time those time constants should be long.
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Figure 5.15: Important parameters in velocity

These analysis advises that the decision of JM , BM and A can be done taking the velocity

climbing time and the velocity damping time into consideration.

Jerk-peak attenuation

Jerk is occasionally used as an index of how smooth or how comfortable the system is

[21], [22]. For this reason, here, the jerk of the controlled wheelchair is considered as an

index of power assist control performance. First, if a step torque is used as an input to the

wheelchair expressed by Equation (5.7), the jerk will be

1

τb

δ(t)− 1

τ 2
b

e
− 1

τb
t
. (5.10)

The first term 1
τb′

δ(t) is mainly concerned with the peak value of jerk. If this term is too

big, the human will feel unsafe.

If a controller amplifies the applied force up to K times, jerk will be increased by K

times, too. This is not good for comfort of a wheelchair user.

In the case of the proposed power assist control, jerk will be

K ′
(

τh

τb′τl

δ(t) +
τh − τb′

τ 2
b′(τb′ − τl)

e
− t

τb′ +
τh − τl

τ 2
l (τl − τb′)

e
− t

τl

)
. (5.11)

Also the first term is the jerk-peak term, and it has K ′ and τh

τl
. K ′ is the DC gain and

is related to the assistance, and as explained above it is necessary to keep this K ′ as high

as for good assistance performance. On the other hand, this will result in the increase of

jerk, so that we should reduce the jerk-peak by setting τh

τl
< 1; that is, the jerk-peak can

be reduced without any loss in the DC gain.

The criterion τh

τl
< 1 means that the gain at high frequency must be lowered to reduce

the jerk-peak. In the low frequency, high assistance-ratio is adequate for good assistance
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Figure 5.16: Important parameters in jerk

performance, and in the high frequency, low assistance-ratio is adequate for the attenuation

of the jerk-peak.

Figure 5.16 shows a jerk pattern with low-pass filtered step torque as input. Two factors

in this figure are important for power assistive control design. First is the peak value of

jerk, and second is the time span while jerk has a nonzero value.

The peak value is related to how a person feels while accelerating, and the time span

is related with the velocity climbing time. A small peak value is good for the comfort of

a rider, but a too small peak makes the velocity climbing time longer and worsens power

assistance. But if we have sufficient time span by setting adequate time constants τb′ , τl,

the power assistance will be improved.

5.4.3 Analysis of the Effect of Modeling Error

We adopt the disturbance observer to estimate human torque using the physical model

of the wheelchair and the user on it. Errors in this model will affect the performance of this

controller. In this section, how the error in the model will affect the controller is analyzed.

To make the analysis simple, two parametric errors ∆J, ∆B are considered. The analysis

is done from two points of view: the stability and the performance.

Stability Analysis

The parametric errors are defined as:

∆J = Jn − J, ∆B = Bn −B, Pn(s) =
1

Jns + Bn

(5.12)

∆(s) =
∆Js + ∆B

Js + B
,P (s) = Pn(s)(1 + ∆(s)), (5.13)
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Figure 5.17: Disturbance observer with modelling error

where Jn, Bn are the inertia and damping values used for the disturbance observer design,

and J,B are the real values of inertia and damping.

If there are the errors ∆J, ∆B, the closed-loop transfer function will change from the

equation (5.2) to

d̂ = d + (∆Js + ∆B)y (5.14)

T (s) =
JMs + BM + A

(Js + B + A)(JMs + BM)− A∆Js− A∆B
. (5.15)

This equation indicates that a positive ∆J or ∆B can make the system unstable. This

explains that the proposed controller can be unstable with the real inertia and damping

are less than the nominal value and suggests that the nominal value should not be so large.

The error in the inertia (∆J) is related to the first-order term of the system dynamics,

and can make the motion oscillatory. This ∆J is caused by change of user’s weight. The

error in the damping (∆B) is related to the constant term so this error will change the

power-assist ratio in the low frequency band, and this ∆B is caused by running resistances

and other reasons.

Analysis on Assistance Performance

The analysis above can be applied to the performance evaluation. The errors ∆J and

∆B affect the assistance performance respectively. ∆J changes the transient response of

the assistance since it is related to the first order term. The response time and oscillation

can be changed according to the ∆J . ∆B has influence on the low frequency bandwidth.

This changes the ratio between the peak values of assisting motor torque and the torque

exerted by the user. The lasting time of assisting power in one stroke will be influenced by

∆B.

This analysis is demonstrated by some simulations. Figure 5.18 shows the results. In

these simulations, the real inertia J is set as 0.024, and the real damping B as 0.1. The

nominal value of the inertia, Jn is changed from 0.01 to 0.05, and the nominal Bn is changed

from 0.01 to 0.13. It is found that the stability is weakened when the nominal values are

larger than the real values and the assistance performance becomes worse when the nominal

values are less. Large ∆J makes the response rapid and oscillatory, and small ∆J makes
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Figure 5.18: Simulation results with modeling error

the response slow. On the other hand, large ∆B tends to make offset in the observed

disturbance and make the whole system unstable, and small ∆B decreases the assisting

torque.

The nominal values of Jn, Bn in the proposed controller (Figure 5.7) is decided considering

the above analysis.

5.4.4 Suppression of the Gravity

Another problem caused estimation of human force using the disturbance observer is the

distinction between human force and the gravity. As the disturbance observer uses only

the velocity of the wheelchair and the input motor torque, it is basically impossible to

distinguish precise human torque from other disturbance. Among disturbances that affect

the operation of a wheelchair, the gravity is the most dominant element.

The effect of the gravity on the proposed controller can be attenuated using the opera-

tional state observer proposed in Section 3.

Mostly, the gravity interferes with the operation of the wheelchair on a sloping surface.
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On a slope, the gravity’s effect can be formulated as

fg ∝ g sin ϕ, (5.16)

where g is the gravity acceleration, and ϕ is the angle of the slope. In the system controlled

by the proposed controller, this fg works as the τext in Equation (5.4), which means this

gravity’s force will be also assisted by control. However, we can estimate ϕ using the

operational state observer, if we use this angle in the proposed controller, the gravity’s

effect will be decreased.

Figure 5.19 shows a way to use this estimated ϕ for the gravity compensation in the

external force amplification control. As the gravity’s effect is proportional to the angle ϕ,
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Figure 5.19: Gravity suppression in external force amplification control

precise human torque can be calculated from τexp by

τ̂human = τ̂exp −M sin ϕ̂. (5.17)

Using this τ̂human instead of τ̂exp, the proposed force-sensor-less power assist control can

remove the gravity’s effect, and provide satisfactory assistance even on a slope.

5.4.5 Experimental Results

Based on the above investigation, the proposed external force amplification controller is

applied to a wheelchair. First, a rider has propelled rims of wheels with and without the

control. The results are described in Figure 5.20

Figure 5.20 (a) is the observed disturbances including human force, 5.20 (b) is the veloc-

ities of a wheel, and 5.20 (c) shows tracking characteristic of the controller. These results

explain almost same things with the robot experiments. The ranges of the observed dis-

turbances are similar in both cases, while the ranges of velocities are different each other.
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Figure 5.20: Experimental results
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Velocity with proposed control is bigger than the one without control, especially in the first

stroke.

One of most important point in this control design is that, even though the observed

force is not so precise or smooth enough, the model impedance for velocity reference will

work as a filter that smoothes the observed force to provide stable and smooth assistance.

The physical velocity will track the reference velocity generated by the model with some

accuracy that can be modified using the gain A in figure 5.7, and this is another filtering

for smoothing and stabilization.

5.5 Summary

This chapter also insists that the adjustment of the plant’s impedance to disturbances

using feedback control can a key design to achieve human-friendly motion control. The

external force amplification control proposed in this chapter is another example suggesting

that rendering the impedance small can work as force-sensor-less power assist control.

For human-friendly motion, motor systems should be sensitive to disturbance when a

person works as disturbance. To achieve this sensitivity, this chapter proposed a control

design that will sensitize the plant to the disturbance. The proposed external force ampli-

fication control can be said as a hybrid type of compliance control type and disturbance

observer type, for force-sensor-less power assist control. Although it employs the distur-

bance observer, it does not use the estimated disturbance as a torque input. The controller

uses it to achieve a impedance that will make the plant sensitive to the disturbance. The

design does not focus on how to obtain the precise human torque, but on what impedance

the controller can achieve. This is the major design feature of the proposed controller.

In order to apply the proposed control to a wheelchair, three points were investigated:

numerical consideration of control parameters for a power-assisted wheelchair, analysis of

the effect of modeling error, and how to reduce the gravity’s effect on sloping environments.

The idea explained in section 5.4.2, 5.4.3 is to be demonstrated by experiments, yet the con-

ducted experiments indicates that the proposed controller can achieve power assist control

of a wheelchair without a force sensor.
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Chapter 6

One-hand Propulsion Control as a

Time-varying Impedance Control

There are some researches on variable impedance. For instances, [23] and [24] reveal that

variable impedance can realize more natural and safe motion of artificial actuators. This

chapter applies that variable impedance concept to a wheelchair. This application is possible

because all proposed controllers for a wheelchair are designed based on the impedance

concept.

The controller that is proposed in this chapter will help people to propel a wheelchair

with only one hand. This operation is achieved by changing impedance.

Figure 6.1: Wheelchair propulsion with only one hand

There are may attempts to make a wheelchair controllable by one hand[25]. This chapter

aims to achieve one-hand propulsion only by a control algorithm without any additional

devices. For the realization of one-hand propulsion, the controller should cope with two

problems:

1. How to obtain necessary lateral information on the user’s intention from human torque

on one rim

2. How to design a controller that can change the direction based on the obtained lateral

information.
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6.1 Design of a Time-varying Controller for One-hand Propulsion

Other researches adopt some novel devices for the former problem. Those approaches

can work well and be best solution to the problem. However, the method which will

be proposed in this chapter relies only on the human force on one rim even for the lateral

information. Although this method may seem extraordinary in terms of practical usage, the

algorithm will be suggested as one example of variable impedance control that sensitively

varies according to changes in human torque.

At first, the design of the controller is addressed.

6.1 Design of a Time-varying Controller for One-hand

Propulsion

6.1.1 Control Strategy to Propel a Wheelchair Straight with One

Hand

In order to keep a wheelchair straight in the face of unbalanced human torque, the

following two functions are necessary:

1. To provide the same assist torque based on the measured human torque on one rim

2. To remove the effect of lateral disturbances.

The former is easily realized by using the measured torque applied on one side. The

latter is what this paper addressed in Chapter 4.3. A controller described in the figure 6.2

has the blocks that achieve these two functions.
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Figure 6.2: Controller for going forward with torque on one wheel
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6.2 Projection of Human Intention to a Control Parameter

6.1.2 Introduction of a Varying Synchronizing Coefficient

A parameter that will decide the heading angle of the wheelchair is introduced here. This

parameter allows us to control the rotational motion of the wheelchair easily. Figure 6.3 is

the one-hand propulsion control architecture this paper proposes.
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Figure 6.3: Controller with the synchronization function K(τ̇ , τ)

This system has K as the parameter that determines the heading angle. This parameter

K can be defined as a synchronizing coefficient, and a function of the human torque input

τ is adopted for this K here. At first, let us consider the case when K(τ̇ , τ) is 1. Then the

same torque is given to the feedforward assist controller, which will provide the wheelchair

with the same assist torque. C2(s), here, is the controller which was proposed in section

4.3, and will remove any lateral disturbances. Consequently, if K(τ̇ , τ) is 1, the controller

allows the wheelchair to go straight with human torque on one side.

On the other hand, if K(τ̇ , τ) is zero, the controller will not work in this way. With zero

K(τ̇ , τ), all the controls that keeps the wheelchair straight will go away, and it will lead to

make the wheelchair turn. In this way, decision of this K between 0 and 1 will decide the

heading angle of a wheelchair and achieve the one-hand propulsion.

Then, how should we decide this K? There can be various ways to decide this K, such

as using special devices. In this paper, we adopt the function of τ̇ and τ as this K.

6.2 Projection of Human Intention to a Control Pa-

rameter

6.2.1 Measurement and Analysis of Human Torque

The proposed controller uses only human torque on one rim as the input to the wheelchair.

Due to this strategy, it is necessary to derive additional information from the torque input.
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6.2 Projection of Human Intention to a Control Parameter

To this end, human torque is measured, and the observation of that torque will help us

in patternizing the human torque. Figure 6.4 is the measured human torque described in

the phase plane. The x-axis is the magnitude of the torque and the y-axis is that of the

differentiated torque.
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Figure 6.4: Examples of torque pattern

This phase plane reflects the possibility of the differentiated torque as an additional input.

The left figure has a circled peak which does not appear in the right figure. This peak in

the y direction does not have long-term influence in the back and forth driving, and can

be regarded as a redundant action. This redundant signal is suitable as the input to the

lateral direction because of its little influence on the forward driving. Using this additional

signal, human can transmit his will to the controller.

6.2.2 Projection to a Synchronization Coefficient

To use the differentiated torque as the input for the lateral direction, the torque plane

is divided into two segments: straight-going mode region and turning mode region. Figure

6.5 shows this division.

The location of human torque in the phase plane decides whether the wheelchair will goes

straight or turn: If the differentiated torque is in the straight-going segment, the controller

will drive both wheels at the same speed, and if it is in the turning mode, the controller

will assist only one wheel.

Note that this division is not two-valued logic, but gradual. Otherwise, the user can feel

that his operation is not continuous and awkward. The two segments are connected in a

fuzzy way. The sigmoid function is employed to realize fuzzy division.

The sigmoid function is applied to K(τ̇ , τ) described in Equation(6.1).

K(τ̇ , τ) = sgn(τ)
1

1 + e−βo(τ̇−τ̇0)
(6.1)

τ0 represents the threshold from where the two modes are divided, and βo determines the

width in which K changes in the fuzzy way. With this K(τ̇ , τ), experiments are done.
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Figure 6.5: Division of the torque phase plane for one-hand propulsion

6.3 Experimental Results

An experiment is conducted to verify the function of K as the key control parameter to

determine the synchronization of two wheels.

6.3.1 Verification of the Synchronization Coefficient K
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Figure 6.6: τ̇ and 30K(τ̇ , τ)

Figure 6.6 and 6.7 are the experimental results. In this experiment, βo and τ0 in Equation

(6.1) are chosen as 1.0 and 20. Furthermore, a limitation is applied to K so that K will

not be bigger than 1. Once K becomes 1, the value will be held on until the velocity of the

wheelchair and the torque τ become 0, which represents that the wheelchair stops. Figure

6.6 shows the experimental result of τ̇ and K as the function of τ̇ and τ . For convenience,

- 86 -



6.3 Experimental Results

0 5 10 15
−10

0

10

20

30

40

50

Time(sec)

W
he

el
 A

ng
le

 (
ra

d)

angle of right wheel
angle of left wheel

Figure 6.7: Wheel angles as the result of one-hand propulsion control

the described value of K is 30 times the real value. K is changed according to τ̇ . In Figure

6.6, around 8 second, K becomes 1 and the value is held to about 15 second. K is decided

as desired.

Figure 6.7 is the angles of the right and left wheels. Until 8 second, only the right wheel

moves and it makes the wheelchair turn. After 8 second, the wheelchair goes into the

straight-going mode for K becomes 30, and the right and left wheels turn at the same

velocity. This is a simple experiment, but it indicates the proposed controller works as

desired, and the user can change the direction of the wheelchair by adjusting his torque.

6.3.2 On-road Experiment

Figure 6.8: Illustration of conducted on-road experiment

Figure 6.8 is the illustration of the experiment conducted on a road. The mission given to
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6.4 Summary

assess the effects of the proposed controller is that a rider go through the course in Figure

6.8 using one hand. To do this, the rider firstly should turn his wheelchair to 90 degrees,

and then he should propel the wheelchair in a straight line. All these operation should be

done with one hand.
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Figure 6.9: Changes in heading angle as the result of proposed control

Figure 6.9 is the experimental result. The solid line is the heading angle of the wheelchair

in radian, and the dotted line indicates the value of K. From 0 second to around 6 second,

the heading angle changes from 0 to around 0.7, which means the wheelchair is turning

during this period. From 7 second, the wheelchair goes into straight-going mode, which

can be accounted for by the value of K, the synchronization coefficient.

This result suggests that with the proposed control can successfully achieve one-hand

propulsion without any other devices.

6.4 Summary

The most noticeable feature in the proposed control is the suggestion of a time-varying

control parameter that reflects human intention. Occasionally, to meet some requirements

from users, a controller needs to be time varying, and it is also one of the necessary feature

for human-friendly motion control (Figure 6.10).

This scheme proposed in this chapter is to project human intention on the directions

on a control parameter that adjusts the synchronization ratio of two wheels. The design

of this projection is an important factor in human-friendly motion control. This chapter

provided a fuzzy projection from human intention to the synchronization coefficient as an

example of this projection. Although the differentiated torque was employed to transmit

human intention, it would be alright to use other devices to obtain it. Nevertheless, this
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Figure 6.10: Significance of the proposed controller in human-friendly motion control

projection in control design is important in those cases as well.
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Chapter 7

Conclusions

In this dissertation, several approaches to establish human-friendly motion control are sug-

gested. The requirements listed in Chapter 1 has been addressed in this dissertation, and

they are applied to a wheelchair.
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time varying control

impedance control

kalman filter

observer design

Figure 7.1: Proposed solutions in this dissertation for the Human-friendly Motion Control

Figure 7.1 is the strategies suggested in this dissertation. These solutions are categorized

as two theories: observer design and feedback control design. To render a controller human-

friendly implies to mimic motion control of human movement. Human neuromuscular

system which activates human motion has a nervous system and a muscular system, and

the suggested solutions have the same structure; state observers for nervous system, and

feedback controllers for muscular system.

Observer design investigated in Chapter 3 can be interpreted as a kind of sensor fusion

methods. To establish an effective nervous system in artificial tools, various sensors become

necessary and sensor fusion algorithms also. What this dissertation insists is a state observer

design is a good algorithm for that sensor fusion algorithm. The other point this dissertation

insists is the generality of the proposed operational state observer; it is useful not only

for a wheelchair but also for other welfare devices such as humanoid robots. The states

monitored by the operational state observer - velocity, pitch angle, disturbance in each
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Conclusions

state - are important in other welfare tools because they are related to human locomotion.

Additionally sensors used for the operational state observer also have similar functions

with sensing organs of human. These considerations prove the importance of the proposed

operational state observer.

Impedance control in Chapter 2 is the main issue scrutinized in this dissertation. The

most important feature of human-friendly feedback control design is located in the change

of the viewpoint for the design of a controller. In conventional industrial control applica-

tions, the controllers are designed to eliminate external disturbances, and tracking to the

reference values is the definition of control performance. However, it is different in human-

friendly motion control design; parameters and structure of a feedback controller should be

interpreted as impedance of the system and be designed considering influence on the feeling

and safety of the users.

This impedance based interpretation can be applied to various kinds of feedback control as

a general form of feedback controllers and provides a new design insight of it. For instance,

in Chapter 4, two feedback controllers are designed based on this impedance concept in

an attempt to suppress the disturbances on a wheelchair. The controllers are designed in

terms of what type of impedance is the most suitable for each control purpose and prove the

effect of the impedance concept in human-friendly motion control design. Moreover, this

new insight allows us a quite novel feedback control such as a fractional order impedance

control and helps us understanding the function of human muscle; Chapter 2 introduced

also these new approaches.

Apart from this disturbance attenuation application, impedance control allows us dis-

turbance amplification control which is essential in human-friendly motion control. This

control design and application were studied in Chapter 5. The proposed control design en-

ables a motor to assist human force without a force sensor and also ensures the user’s safety.

In contrast to other researches on the development of this force-sensor-less power assist con-

trol which focus on the precise monitoring of human force, the proposed control achieves

power assist function based on impedance design, which is the main idea throughout this

dissertation.

The control algorithms proposed from Chapter 2 to 5 are time-invariant methods. For

human-friendly motion control, however, time-varying control is also necessary; one example

of the time-varying impedance controls in human muscle control is explained in Section

2.3. Chapter 6 suggests a time-varying control for a power assist wheelchair. The idea

of projection from the user’s intention to time-varying control parameter is important in

this control design. This concept of projection is significant for the design of time-varying

human-friendly motion control. In Chapter 6 a synchronizing coefficient was used as a time-

varying factor, which was a simple example of this projection-based time-varying impedance

control. For more advanced control, some more complicated impedance can be utilized.

The power assist wheelchair was the only one application in this dissertation; however,

this dissertation investigated a general design method of human-friendly motion control in

terms of impedance design. Each of the proposed control has potential to be applied to the

other conventional welfare devices and improve their functions.
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AppendixA

Realization of Fractional Order

Differentiation

To implement fractional order control suggested in Chapter 2, fractional derivatives should

be realized in the controller. To this end, here, basic understanding on fractional derivatives

is explained: mathematical definition of fractional derivatives and its realization method.

A.1 Mathematical Definition

The mathematical definition of fractional derivatives and integrals has been the subject

of several different approaches[26]. By Riemann-Liouville definition which is the most

frequently encountered definition, the fractional order integrals are defined as

t0D
−α
t =

1

Γ(α)

∫ t

t0
(t− ξ)α−1f(ξ)d(ξ) (A.1)

where

Γ(x) =
∫ ∞

0
yx−1e−ydy (A.2)

is the Gamma function, t0 and t are limits and α is the order of the operation.

Using this definition of integrals, the definition of fractional order derivatives can be given

as

t0D
−α
t f(t) =

dγ

dtγ

[
t0D

−(γ−α)
t

]
, (A.3)

where γ is an integer that satisfies γ − 1 < α < γ.

The other approach is Grunwald-Letnikov definition:

t0D
−α
t = lim

h→0

nh=t−t0

h−α
n∑′

r=0

(−1)α f(t− rh) (A.4)

where the binomial coefficients are
(

α

0

)
= 1,

(
α

r

)
=

α(α− 1) · · · (α− r + 1)

r!
. (A.5)

The Laplace transform of Riemann-Liouville fractional order derivative with order α > 0

is calculated as

L
{

t0D
−α
t f(t)

}
= sαF (s)−

j=0∑′

n−1

sj
[
t0D

−α−j−1
t f(0)

]
, (A.6)
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A.2 Frequency-band Approximation

where (n− 1) ≤ α < n. If

t0D
−α−j−1
t f(0) = 0, j = 0, 1, 2, . . . , n− 1 (A.7)

then

L
{

t0D
−α
t f(0)

}
= sαF (s) (A.8)

This is the definition of sα that is necessary for the realization of impedance control.

A.2 Frequency-band Approximation

It is reported that the fractional order system has an infinite system and it is impossible

to perfectly calculate fractional derivatives in real application. For the feasible realization of

fractional order system, there are a variety of approximation methods such as Short Memory

Principle[28], Tustin Taylor Expansion and Sampling Time Scaling [27]. In addition to

these direct discretizations of fractional derivatives, there is frequency-band approximation

method which is reported as most useful realization. This section explains this frequency-

band approximation method using a broken-line approximation method.

The broken-line approximation method uses fractional order system’s frequency responses

since it can be exactly known. However, the order of the approximation should be infinite

so as to approximate the responses in whole frequency range. This infinite order approxi-

mation is not practicable so that this approximation limits the frequency bandwidth where

frequency-band fractional order Iα will be realized.
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Figure A.1: An example of broken-line approximation (N = 3)

Figure A.1 illustrates how the broken-line approximation methods realizes the frequency

response of a fractional order system with a limited frequency bandwidth. This approxi-

mation is formulated as Equation (A.9).




s
ωh

+ 1
s
ωb

+ 1




α

'
N−1∏

i=0

s
ω′

h
+ 1

s
ω′

b
+ 1

(A.9)
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A.2 Frequency-band Approximation

Based on Figure A.1, two factors ζ and η are introduced to calculate ωi and ω′i:

ζ =
ωi

ω′i
, η =

ω′i+1

ωi

, (A.10)

which means ζ and η describes the width of one broken-line on the log scale.

This derives Equation (A.12), and therefore the first point ω0 and the last point ω′N−1

can be given as Equation(A.11).

ω0 = η
1
2 ωb, ω

′
N−1 = η−

1
2 ωh (A.11)

ζη =
(

ωh

ωb

) 1
N

(A.12)

The freqeuncy of each point can be calculated as

wi = (ζη)iω0, ω
′
i = ζ(ζηiω0. (A.13)

The frequency-band fractional order controller has −20αdB/dec gain slope, while the inte-

ger order factors 1(
s

ω′
i

+1

) have -20dB/dec. For the same magnitude change ∆:

−20α =
∆

log ζ + log η
,−20 =

∆

log ζ
(A.14)

Thus

(ζη)α = ζ (A.15)

Therefore ζ and η can be expressed respectively by

ζ =
(

ωh

ωb

) α
N

, η =
(

ωh

ωb

) 1−α
N

(A.16)

Finally

ωi =
(

ωh

ωb

) i+1
2−

α
2

N

ωb, ω
′
i =

(
ωh

ωb

) i+1
2+ α

2
N

ωb (A.17)

Figure A.2 shows the bode diagrams of ideal frequency-band case ( α = 0.4, ωb = 200Hz, ωh =

10000Hz ) and its 1st-order, 2nd-order and 3rd-order approximations by broken-line approx-

imation method. Even the case with N = 2 can give a satisfactory accuracy in frequency

domain.

As explained before, this broken-line approximation limits the bandwidth where sα is

realized. This results in the limitation of feasible fractional impedance described in Figure

2.16. In spite of this limitation, fractional impedance realized by this approximation is still

useful since the frequency range of human sensory system is also restricted to a certain

frequency range. This point is to be experimented.
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A.2 Frequency-band Approximation

Figure A.2: Bode plots of ideal case, 1st, 2nd and 3rd-order approximations
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AppendixB

Novel Design of an Instantaneous

Speed Observer

For the proposed controllers applied to power assist wheelchair, precise velocity information

is the most important output. Velocity information estimated by the proposed operational

state observer has been used in this dissertation. The observer can correctly estimate the

velocity of wheelchair at low speed. However, it uses three sensors so that it may increase

the production cost of the power assist wheelchair.

Generally, encoders are used to obtain velocity information; motor speed information is

calculated from the increased pulse number of an encoder in a sampling period, but in

cases where the rotary encoder has low resolution or the velocity becomes low, velocity

calculation with the differentiation of the encoder output becomes noisy and incorrect.

The wheelchair which is the main application in this dissertation usually runs at low

speed and frequently it stops. If a feedback controller for a wheelchair uses the differentiated

encoder output as velocity in this operational condition, the performance will deteriorate

due to its noise. For this velocity estimation problem, the instantaneous speed observer

[29] has been suggested. Here, a novel design of this speed observer is proposed to improve

the estimation performance at low speed.

B.1 Development of Nove Speed Observer

Figure B.1 shows the structure of instantaneous speed observer [29],[30]. The structure

of this speed observer is same as that of general observers, but it can not obtain output

information of the plant at each sampling period, because of the low resolution of the

encoder. Precise value is obtained in a few samples, which means the sampling time of

observer-state update by output error is several times as long as control sampling time.

This is the characteristic of the instantaneous speed observer.

Conventional instantaneous speed observers feedback the output error information only

one time after it gets a new encoder pulse. This feedback strategy has some problems. As is

described in Figure B.2, observation error does not decrease while the observer can not get

any new pulse from the encoder, which makes the observation imprecise and even unstable.

To make this observer stable, variable gain decision strategy is employed in [30]. However,
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B.1 Development of Nove Speed Observer
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Figure B.1: Structure of the instantaneous speed observer
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Figure B.2: Error transitions in two observers

it still uses the observation error only once after the encoder reads the pulse.

Output error information should be fedback more frequently to achieve stable and fast

observation, even while the encoder does not give out new pulse information. The transition

of observation error can be calculated based on the observer dynamics. By feedback of

calculated output error, fast and stable instantaneous speed observer can be realized.

The instantaneous speed observer is described as

x̂[n] = Adx̂[n− 1] + Bdu[n− 1] + L (y[n]− ŷ[n])

ŷ[n] = Cd (Adx̂[n− 1] + Bdu[n− 1]) + Ddu[n] (B.1)

x̂[n] =




ω̂[n]

θ̂[n]

d̂[n]


 ,Ad = exp



−B

J
T2 0 T2

J

T 0 0

0 0 0


 , Bd =




T2

J

0

0


 ,Cd =

(
0 1 0

)
,(B.2)

where ω is angular velocity, θ is rotated angle of a wheel, d is input disturbance, and T2 is

sampling time. Ad,Bd,Cd correspond to A,B,C, and Dd is 0 here.

The term L (y[n]− ŷ[n]) is the feedback of observation error. However, the measurement

of output y[n] is not available at each sampling time if the encoder has low resolution.

To use that quantized and inaccurate (y[n]− ŷ[n]) for feedback will make the observation

inaccurate and even unstable.
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B.2 Performance Verification by Simulation

For this reason, conventional instantaneous observer does not feedback output error while

there is no new pulse reading from the encoder. It switches its feedback phase like below.





x̂[n] = Adx̂[n−1] + Bdu[n−1] + L (y[n]− ŷ[n])

· · ·when there is new pulse reading from the encoder

x̂[n+k] = Adx̂[n+k−1] + Bdu[n+k−1]

· · · otherwise.

(B.3)

B.2 Performance Verification by Simulation

Transition of observation error will be affected by this feedback switching. Let us assume

that there is no new pulse reading for K sampling times. The encoder reads a new pulse

when t = nT2, and there has been no new pulse reading until t = (n + K)T2. Then the

observation error at t = (n + K)T2 can be expressed as follows.

e[n + K] = AK−1(I− LCd)Ade[n] = G1(K)e[n] (B.4)

The eigenvalues of (I−LCd)A
K
d express convergence speed of observation. If the observer

can feedback observation error at every sample, this error transition will be,

e[n + K] = ((I− LCd)Ad)
K e[n] = G2(K)e[n]. (B.5)

Figure B.3 shows the transitions of eigenvalues of these two matrices (G1,G2) according

to K. We can find out from this figure that convergence speed of conventional observer

(G1(K)) is slower. The gain tends to be high for this reason.
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Figure B.3: Eigenvalue transitions of two matrices (left: G1(K), right: G2(K))

Our proposal for this problem is using simulated output error εy[n] instead of the real

output error (y[n]− ŷ[n]) while accurate output measurement y[n] is not available. Com-

pared with the conventional observer, the proposed observer feedbacks observation error at

each sampling time. This will result in fast observation.
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B.2 Performance Verification by Simulation

There will be no drastic changes in the target system while the encoder can not get new

pulse, which means it is reasonable to model observation error as a step during that period.

It is necessary to distinguish two variables to explain this in more detail.
εy[n] : observation error estimation to be feedback

εyn : the real output error y[n]− ŷ[n]
εy[n] will be same as εyn = (y[n]− ŷ[n]) only

1. when the encoder reads a new pulse.

2. when observation error (y[n]− ŷ[n]) is bigger than the resolution.

This is the condition for the update of εy[n].

Except these two cases, εy[n + k] will be calculated value based on the last output error

εyn.

εy[n +k] = CdAd ((I− LCd)Ad)
k−1 E1εyn (B.6)

Here we introduced the matrix E1

CdE1 = Im = 1, E1 =




0

1

0


 (B.7)

Using this predicted observation error, the proposed observer is designed as Figure B.4.

This observer employs a latch instead of a switch which is adopted in the conventional

observer.
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Figure B.4: Structure of the proposed instantaneous speed observer

A brief description of proposed observer is as follows,




x̂[n] = Adx̂[n−1] + Bdu[n−1] + L (y[n]− ŷ[n])

· · ·when the update condition of εy[n] is satisfied

x̂[n+k] = Adx̂[n+k−1] + Bdu[n+k−1] + Lεy[n+k]

· · · otherwise.

(B.8)
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B.2 Performance Verification by Simulation

Error transition by this observer is given as

e[n+K+1] = G3(K+1)e[n] =
(
AdG3(K)−LCdAd ((I− LCd)Ad)

KE1Cd

)
e[n] (B.9)

G3(K + 1) will change according to the equation (B.10)

G3(K+1) = AdG3(K)− LCdAd ((I− LCd)Ad)
K E1Cd (B.10)

To calculate the matrix G3(K + 1), we introduce a matrix E2:

E2 = I− E1Cd =




1 0 0

0 0 0

0 0 1


 (B.11)

Multiplying on the left by this E2, the first and third columns of G3 can be calculated

as follows,

G3(K+1)E2 = AdTpr(K)E2 = AK
d Tpr(1)E2 = AK

d ((I− LCd)Ad)E2 (B.12)

In the same way, multiplying on the left by E1, the second column of G3 can be calculated

as follows,

G3(K+1)E1 = AdG3(K)E1 − LCdAd ((I− LCd)Ad)
K E1

= ((I− LCd)Ad)
K G3(1)E1 = ((I− LCd)Ad)

K+1 E1 (B.13)

Then, we can find out that G3 has the first and third columns of G1 in Equation (B.4)

and the second column of G2 in equation (B.5).

G3(K+1) = G3(K+1)E1 + G3(K+1)E2 = AK
d ((I− LCd)Ad)E2 + ((I− LCd)Ad)

K+1 E1

(B.14)

Figure B.5 shows the transition of eigenvalues of G3 according to K. It shows smaller

eigenvalues compared with G1 in Figure B.3. These smaller eigenvalues of G3 will result

in the fast observation speed.

Fast convergence speed of the proposed observer is verified by a computer simulation.

Figure B.6 shows observations of velocity and disturbance by a conventional observer and

proposed observer. We can make sure that frequent output error feedback results in fast

and good estimation.
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Figure B.5: Eigenvalue transitions of G3
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Figure B.6: Differences in convergence speed
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