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Abstract| In this paper, as one of important support for

aged people, we present how to design force sensorless power

assist robot assisting aged people's work and caregiver's mo-

tion. The proposed control methods in this paper are based

on robust control and consider environmental characteristics

because many kinds of environments exist in power assist

motions.

Two basic power assist methods, position control based

and force control based, are compared through some ex-

periments using a DD robot. The proposed position control

based method makes use of impedance control. In force con-

trol based method, environmental observer is introduced to

make robust against environmental parameter change. Both

of them can realize stable power assist motion even if en-

vironmental characteristic is unknown. Some experimental

results show the e�ectiveness of these methods.

I. Introduction

Japan is now a serious aging society and this problem

will be more serious in the near future. Many other coun-

tries also have the same problem. Therefore, engineering

support for aged people is required. We are establishing a

new �eld of \Welfare Control Engineering" and aiming to

support for aged people and disabled people using control

and instrument technology. As an important example of

such support, we have proposed a monitoring system for

aged people[1]. In this paper, control methods of force sen-

sorless power assist robot assisting aged people's work and

caregiver's motion are proposed.

Some researches have been presented on the control

scheme for power assist devices. Kazerooni[2] presented

mechanism and control method for power assist robotic

system called \Extender". Kosuge et al.[3] presented a

control scheme for human-robot cooperation using virtual

tool dynamics. Nagai et al.[4] discussed the design of a

robotic orthosis for upper limbs.

In this paper, we present new control methods for power

assist robot from a viewpoint of robust control. First, many

kinds of power assist robots are classi�ed considering both

practical uses and control methods. Second, realization

method of force sensorless power assist system using dis-

turbance observer is presented. Third, it is focused on the

di�erence between position control based method and force

control based method, and power assist control methods

considering the environmental characteristics are respec-

tively presented.

II. Basic definitions and classification of power

assist robot

A. Power assist technique for supporting aged people

Power assist technique is one of the important elements

for supporting aged people and has great possibilities to

contribute in various cases. For example, it is useful in

caring motion such as lifting up a patient from bed and

aged people's work such as carrying something heavy in

the factory. \Power Assist" can be de�ned as assistance of

motion for the purpose of increasing human ability or giv-

ing him/her some relief by multiplying his/her force. Then,

some basic conditions such as increase of force, operability,

natural and human-friendly motion, safety and no-anxiety

are required.

Environment which receives power during the motion in-

cludes various objects such as a patient and a heavy bag-

gage. Some environments having simple characteristics can

be easily represented using numerical expression, however,

most of environments cannot be easily represented because

they have complicated nonlinear characteristics and it is

not easy to identify them. It is not realistic to identify the

accurate model before starting power assist motion. For

example, when the robot gives power to a patient, environ-

mental characteristic should change depending on his/her

posture and clothes. Therefore, it is required to realize

power assist motions to any kinds of environments even if

we don't know the accurate characteristics of them.

B. Classi�cation of power assist robots

Power assist technique can contribute in various cases

as mentioned above, and many kinds of power assist forms

can exist. Therefore, they must be classi�ed to some extent

considering practical uses and control methods. We classify

them as the following:

(1) System with Human-Robot-Environment interface

(HRE system)

In this system, two forces interact in Human-Robot and

Robot-Environment. Robot gives force Fe (or torque �e) to

Environment based on the interaction force Fm (or torque

�m) in Human-Robot.



(2) System with Human-Robot interface(HR system)

In this system, Robot and Environment are nearly united

into one and a force (or torque) interacts in Human-Robot.

This includes the following two types:

(2a) HR system with high gravity

For example, when lifting up or raising a patient in our

arms from bed, the motion has little accelaration and grav-

ity term occupies a large part in the required force. Then,

dynamic equation can be represented as

B! +G(�) = � (1)

Such simple equation leads to many advantages in design-

ing the controller.

(2b) HR system with high inertia

This system includes the case of carrying heavy objects

using plane robots. Then, it has no gravity term, however,

inertia moment is changed because Robot and Environ-

ment are nearly united into one. Dynamic equation can be

represented as

(J +�J) _! +B! = � (2)

� is angle, ! is angular velocity, J is inertia moment, �J

is change of inertia moment, B is viscous friction, G(�) is

gravity, and � is torque.

Fig.1 shows these three basic power assist forms, how-

ever, there may be more complicated cases, for example,

HR system may include both high gravity and high inertia,

and HRE system may include high gravity or high inertia.
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Fig. 1. Classi�cation of power assist robot.

In this paper, we focus on (1)HRE system and show how

to realize power assist motion based on position control

based method and force control based method respectively.

Some experiments are conducted using �rst axis of a DD

robot as shown in the upper picture of Fig.1.

C. Evaluation of power assist motion

One of the primary purposes of power assist robot is to

reduce required power for human and give him/her some

relief. It is possible to ask some subjects about the feeling

and impression after the power assist motion, however, we

evaluate the required power numerically using evaluation

value V de�ned in Equation (3).

V =

R
T

0
Fmdt

xf � x0
(3)

T is time needed for the motion, xf is the �nal position

and x0 is the initial position. This value represents im-

pulse needed for moving at unit distance. The smaller this

value is, the more easily he/she can move the object. This

evaluation value will be applied to some experiments later.

III. Power assist method based on position

control and force control

There are two basic methods in power assist control. One

is to generate position reference from human force and en-

vironmental force. The other is to generate force reference

from the two forces. We mention their basic con�gurations

in this section.

A. Position control based power assist method

In this method, position reference �r given to the robot

is generated from human input force (or torque �m) and

environmental force (or torque �e). We name it \Posi-

tion control based power assist method". Fig.2(a) shows

the con�guration of position control based power assist

method. This can be realized using impedance control.

In this method, environmental force (or torque �e) is not

directly controlled, however, it is expected to specify the

position trajectory and operability freely.

B. Force control based power assist method

In this method, force reference (or torque reference �r)

interacting between robot and environment is generated

from human input force (or torque �m). We name it \Force

control based power assist method". Fig.2(b) shows the

con�guration of force control based power assist method.

Environmental force (or torque �e) is directly controlled,

therefore, it is expected to realize the desired assist ratio

and give the desired power to the environment accurately.
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Fig. 2. Con�gurations of two power assist methods.

IV. Estimation of environmental force using

disturbance observer

In power assist control based on two forces, human in-

put force and environmental force, they usually prepare

two force sensors to measure them respectively. In this

paper, the number of force sensor is reduced by estimat-

ing the environmental force using disturbance observer[5].

Realization of such power assist robot bring a lot of advan-

tages, for example, the cost will be lower, the mechanism of

robot will be simpler and the environment will be allowed

to contact with every place of robot arm.



A. Principle of disturbance observer

Disturbance observer is often used in robust control and

estimates disturbance torque included in each axis of robot.

Fig.3 shows con�guration of disturbance observer.
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Fig. 3. Con�guration of disturbance observer.

�d is disturbance torque, g is angular frequency of low pass

�lter, Kt is torque constant, Ktn and Jn are nominal values

of torque constant and inertia moment, and Iref
a

is current

reference. Estimated disturbance torque �̂d is shown in

Equation (4).

�̂d = �int + �g + F +D _� +�J(�)�� + �ext (4)

�̂d includes some nonlinear term such as interference torque

�int, gravity �g, friction torque F + D _�, inertia change

�J(�)�� and external torque �ext.

B. Estimation of the environmental force

Human input torque �m and enironmental torque �e can

be regarded as external torque to the robot. Therefore, �e
is estimated by subtracting �m measured by force sensor

and other nonlinear terms from disturbance �̂d.

�̂e = �̂d � (�m + �int + F +D _� +�J(�)��) (5)

Fig.4(a)(b) show the experimental results of estimation

of the environmental torque. First, a gum is used as a sim-

ple environment whose characteristic can be nearly repre-

sented as sti�ness parameter. Fig.4(a) shows the environ-

mental torque interacting between the gum and robot when

the robot moves in constant velocity. Its characteristic can

be identi�ed as Ke = 30[N=rad] from the result. Next,

a cardboard box with some weights is used whose charac-

teristic cannot be easily represented because of dent at the

surface and friction against the ground. Fig.4(b) shows the

the environmental torque when the robot is moved using

impedance control of human input torque �m.

These environments will be used in power assist experi-

ments later.
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Fig. 4. Estimation of the environmental torque.

V. Position control based power assist method

As mentioned above, in position control based power

assist method, position reference is generated from two

torques �m and �e. The proposed position control based

method is based on impedance control often used to power

assist control.
A. Power assist method using Dual Impedance Control

Many kinds of environments such as a patient and com-

plicated objects exist in power assist motions and it is re-

quired to operate the robot freely and contact with the

environment safely. From this idea, we apply impedance

control to both of two interaction points, Human-Robot

and Robot-Environment. We name it \Dual Impedance

Control". Fig.5 shows the con�guration of position control

based method using Dual Impedance Control.
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Fig. 5. Con�guration of Dual Impedance Control.

Then, Two Degrees Of Freedom control system[6] which

enables to determine the desired command response and

suppression performance of disturbance independently is

applied to position controller in this con�guration.

Two impedance controllers and position reference are

represented as Equation (6)(7).

C1 =
1

M1s2 +D1s
; C2 =

1

M2s2 +D2s
(6)

�r =
�m

M1s2 +D1s
+

�e

M2s2 +D2s
(7)

If ��r ' 0; _�r ' 0, that is, the robot is moved slowly,

M2s+D2

M1s+D1

�m + �e ' 0: (8)

� �

M2s+D2

M1s+D1

represents assist ratio from �m to �e. If
M1

D1

= M2

D2

, this method is similar to virtual tool dynam-

ics proposed by Kosuge et al.[3].

Fig.6(a)(b) show the experimental results of Dual

Impedance Control using a gum. Impedance parameters

are M1 = 0:5;D1 = 20;M2 = 1:5;D2 = 60, that is, � = 3.
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Fig.7(a)(b) show the experimental results of Dual

Impedance Control using a cardboard box. Impedance pa-

rameters are M1 = 0:5;D1 = 30;M2 = 1:5;D2 = 90, that

is � = 3.
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Fig. 7. Power assist experiment using Dual Impedance Control (card-
board box).

It is found that stable power assist motions can be real-

ized against two types of environments using this method,

however, accurate tracking of assist ratio cannot be realized

because it isn't controlled directly.

Applying Dual Impedance Control to power assist robot

caring a patient, it is expected not only to design the op-

erability of a caregiver but also to contact with a patient

safely even if he/she struggles violently.

B. Introduction of sti�ness parameter

When using impedance controllers shown in Equation

(6), the operator needs to keep creating force during assist

motion. Therefore, sti�ness parameter K2 is introduced to

impedance controller C2.

C2 =
1

M2s2 +D2s+K2

(9)

Then, the operator will feel the environmental behavior

only at the beginning of the motion and will not need to

keep creating large force. Fig.8 shows the experimental re-

sult with M1 = 0:5;D1 = 20;M2 = 1:0;D2 = 40;K2 = 20.

It is found that the required human force can be reduced

comparing with Fig.6(a).
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Fig. 8. Dual Impedance Control with sti�ness impedance (cardboard
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VI. Force control based power assist method

Force control based power assist method shown in

Fig.2(b) is mentioned in this section.

A. Power assist method with conventional feedback control

As mentioned above, the environmental force is directly

controlled in force control based power assist method. As

the basis of this method, force control system using conven-

tional feedback controller is shown in Fig.9. As a position

controller in this con�guration, Two Degrees Of Freedom

position control system[6] is applied just as position control

based method.
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Fig. 9. Power assist control with conventional feedback controller.

If the environmental model is Des+Ke, it is possible to

design the characteristic from �r to �e as two order system

by using force controller 1
s(Mfs+Df )

.

�e

�r
=

Des+Ke

Mfs2 + (Df +De)s+Ke

(10)

Then, parameters Mf ;Df of force controller are easily cal-

culated using the environmental nominal model Den;Ken,

and time constant �f of the desired command response.

�e

�r
=

1

�2
f
s2 + 2�fs+ 1

(11)

Mf = Ken�
2
f

(12)

Df = 2Ken�f �Den (13)

From Equation (13), if we have a nominal model so that

2Ken�f �Den < 0; (14)

the system has an internal unstable pole in the force con-

troller.

Power assist control can be realized by inputting torque

reference �r which is calculated using human input torque

�m and assist ratio � as shown in Fig.9.

Fig.10(a)(b) show the experimental result of power assist

control with conventional feedback controller. The environ-

ment is a gum (Ke = 30[N=rad]) and the environmental

nominal model is the same as it (Ken = 30[N=rad]). Sta-

ble power assist motion and the desired assist ratio can be

realized.
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Fig. 10. Power assist control with conventional feedback controller
(gum).

Next, the environmental nominal model Ken =

120[N=rad] is used in tha same experiment, and



Fig.11(a)(b) show its result. It is shown that the envi-

ronmental parameter change leads to force response and

desired power assist motion cannot be realized when using

conventional feedback controller.
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Fig. 11. Power assist control with conventional feedback controller
(gum).

B. Power assist method robust to environmental change

It is required to realize the desired force response and as-

sist ratio even if the environmental characteristics change.

Therefore, environmental observer[6] which enables to

make robust to environmental parameter changes is ap-

plied to force control based power assist method. Fig.12

shows the con�guration of force control based power assist

method introduced environmental observer.
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Fig. 12. Power assist control using environmental observer.

Fig.13(a)(b) show the experimental result of force control

based method with environmental observer. Environment

is a gum whose charcteristic is Ke = 30[N=rad], environ-

mental nominal model isKen = 120[N=rad] and the desired

assist ratio is � = 3.

0
-15

-10

-5

0

5

10

15

2 4 6 8 10
-0.4

-0.2

0

0.2

0.4

time [s]

position [rad] to
rq

ue
 [N

m
]

τe^

θ

τm

(a) Response of position

and torque

0 2 4 6 8 10
0

1

2

3

4

time [s]

 a
ss

is
t r

at
io

desired α

(b) �e

�m
in (a)

Fig. 13. Power assist control with environmental observer (gum).

It is found that the accurate assist ratio can be realized

using environmental observer even if the nominal model is

di�erent from the actual characteristic.

Fig.14 shows the evaluation of power assist motion using

V de�ned in Equation (3). Conventional feedback con-

troller without environmental observer cannot realize the

desired assist ratio and requires human to create larger

force as the environmental characteristic changes. The pro-

posed method with environmental observer doesn't require

large force even if the environmental characteristic changes.

The e�ectiveness of introduction of environmental observer

is shown.
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Fig. 14. Evaluation of the e�ectiveness of environmental observer.

Next, the proposed method with environmental observer

is applied to power assist motion to carry a heavy card-

board box. When the environmental nominal model in-

cludes viscosity coeÆcient Den, that is,
1

Dens+Ken

, it be-

comes low pass �lter, and Den

Ken

represents time constant

�en of low pass �lter.

E�1
n

=
1

Dens+Ken

=
1

Ken

1
Den

Ken

s+ 1
(15)

�en =
Den

Ken

(16)

Fig.15(a)(b) show the experimental results with Den =

10;Ken = 400 and Den = 10;Ken = 800 whose time con-

stants are small. It is shown that both position response

and human input torque have oscillation.
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Fig. 15. Power assist control with environmental observer (cardboard
box).

The output of environmental observer is directly inserted

to position reference, therefore, position response has oscil-

lation if complicated environments such as a cardboard box

give interaction torque with oscillation and time constant

�en is small. Position response with oscillation in
uences

to human input torque and doesn't allow him/her to input

stable torque.

Fig.16(a)(b) show the experimental results with Den =

20;Ken = 200 and Den = 80;Ken = 800 whose time con-

stant is larger than Fig.15(a)(b). It is found that power

assist motion with more stable position response can be

realized by regulating the environmental nominal model.
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Fig. 16. Power assist control with environmental observer (cardboard
box).

C. Force control based method using impedance control

The operator needs to keep creating force during assist

motion when using force controller shown in Fig.12. There-

fore, force control based method using impedance control

shown in Fig.17 is applied. This idea is similar to the pro-

posed method by Nagai et al.[4] which torque reference �r
produced by impedance equation (17) is applied to com-

puted torque method.

�r = M �� +D _�e +K�e (17)

�e = � � �m (18)

+

τe

-

robust position 
control system
   +  robot

θ
s(Mf s +Df)

1
E

rτr

θ
force controller

environment

+
-

En

 environment
nominal model

-1+-

position
reference
generator Mθ+Dθe+Kθe

τm θm ...

Fig. 17. Con�guration of force control based method using
impedance control.

Position reference generator in Fig.17 can be designed

freely. Fig.18(a)(b) show the experimental result of force

control based method using impedance control. Environ-

ment is a cardboard box. This method has the advantage

that the operability including position reference generator

and impedance parameters can be designed freely.
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Fig. 18. Force control based method using impedance control (card-
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VII. Discussion

Two power assist control methods were campared and re-

spective features and advantages were shown through some

experiments. Position control based methods using Dual

Impedance Control is superior in stablility because it surely

generates a stable position reference whether the robot con-

tacts with the environment or not. In addition, it enables

us to specify the operability by changing impedance param-

eters and assist ratio to some extent. Force control based

methods introduced environmental observer also has some

advantages that it can realize the desired assist ratio even

if the environmental characteristic changes. Furthermore,

position response also can be stabilized by regulating the

environmental nominal model.

Both of them can realize stable power assist motion even

if environmental characteristic is unknown, and have possi-

bilities to be applied to practical power assist devices. The

former is useful specially to caring motion for a patient

which safety should be given priority. Dual Impedance

Control enables not only to design operability of a care-

giver but also to contact safely even if a patient struggles

violently. Furthermore, a caregiver can feel patient's be-

havior because it is re
ected in position response. On the

other hand, the latter is suitable for assistance of aged peo-

ple's work which attaches importance to increase of human

power, that is, assist ratio. It is possible to make proper

use of these two methods by considering the features of

power assist motions, their environments, and what will be

given priority.

VIII. Conclusion

In this paper, we have proposed control methods of force

sensorless power assist robot using robust control as one of

support for aged people and disabled people. Two power

assist methods, position control based and force control

based, were compared considering environmental charac-

teristics and practical uses.

Dual Impedance Control method proposed as one of po-

sition control based methods has many advantages for prac-

tical uses such as caring a patient. In force control based

method, environmental observer was introduced into the

conventional feedback control system and brought the bet-

ter force response. It is possible to achieve the desired

assist ratio accurately and reduce the required power for

human. Some experiments have shown the e�ectiveness

of these proposed methods and the possibilities to apply

these methods to various practical power assist devices by

making proper use of respective features and advantages.
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