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Abstract— In this paper, we expand the human-friendly control
concept which has been restricted only to the robot controls into
general assistive controls. For a demonstration of this generalized
human-friendly control, we adopt a power-assisted wheelchair
and apply a novel control to it.

We investigate some requirements for this generalized human-
friendly control and suggest solutions to it. Our solution approach
consists of two parts: one is on the observation problem, the other
is on the control problem.

We pick up two problems which happen in power-assisted
wheelchair control by gravity. The first is the tendency of falling
backward that is related to the observation problem, and the
other is the difficulty in propulsion on a hill that is related
to the Qontrol problem. We propose solutions to Qach problem, Fig. 1. Power-assisted Wheelchair as an Example of Power Assistance Tools
generalize them, and try to establish the human-friendly control.  yAmaHA Jw 1)

Key Words: human-friendly control, gravity compensation,
state observer, steady state kalman filter, multisensor, two-degree-
of-freedom control, power-assisted wheelchair, flexible disturbance

attenuation, compliance control down a hill, power assistance does make dangerous situation
because it increases the speed.
l. INTRODUCTION To prevent these problems, assistance system should distin-

Control design necessary for the development of humaQHiSh the road condition and know the phase Qf the wheelchair.
friendly robots has been researched recently. These humBHt Now can the controller sense all these information? We
friendly control designs are not necessary only for rob®ill Pick up this sensing problem in Section Iil and VI.
control. They should be applied to all products that are used!" Section Il, V we explain what is necessary for the human-
near people. friendly control. Since (_j|scussed requ!re.ments. in Sectlop 1]

Nowadays advanced power assistance tools are drawgg somgwhat geqeral ideas, we ;pemahze this Qe”era' |d§as
people’s attention as emerging control application. These to rgallzmg them in the power-assisted wheelchair control in
are usually located near a man or attached to one’s body, aﬁﬁctlon I, 1V and V1.
amplify human power. This operational environment makes tfﬂﬁ REQUIREMENTS FOR THEHUMAN -FRIENDLY CONTROL
control difficult and unique to these tools. Though a variety
of power assistance tools are being developed, there is littleThe next four characteristics are the requirements for the

discussion on control methods for those tools. human-friendly control.
This paper proposes the human-friendly control for the Adaptation to the environment
control of these power assistance tools. The range of human activities is large. Power assis-
A power-assisted wheelchair is a good example of that tance tools used for these human activities should
kind of assistance tools. Development of controllers for a adapt to various environment.
power-assisted wheelchair has just started[1]. In conventionaExcellent operational performance
power-assisted wheelchairs, motors just multiply original hu- Power assistance tools are located near a man. Ev-
man force to drive by up to several times. But, when a ery movement of the tools will affect user's sense
wheelchair goes on a hill, assisting motors can worsen the directly. So as not to make user uncomfortable, the
maneuverability, because the controller of motors does not controller should have excellent operational perfor-
consider the slope of ground and does the same control while mance.

it is on level ground. Besides that, when a wheelchair goesFlexibility to disturbance



A. Observer Design Using Multisensor

Here, an observer that will estimate the inclination arége(
and the driving speed¢) is designed. In order to design this
observer, states in equation (1) are adopted.w; are the
angular velocites of,, 6, and d,, dy are the disturbance
exerted onw,, wy respectively.

T
r=(w, wy 6, 0 d, d 1
Fig. 2. Physical Values Needed for Control ( P Y P ! P ! ) ( )

Velocity of a wheelchairv; is calculated byv; = Ry

Disturbance is defined as power which is not prgnqring slips on wheels. Motion equation of these states is
duced from the controller. In this meaning, humagnqwn in equation(2).

power is a disturbance for the controller, and strict
rejection of this disturbance can make dangerous
situation or awkward operation.

Useful evaluation of control
There are little established evaluation about howp _
human-friendly the controller is. It is due to the
difficulty in description of the performance in math-
ematical way.
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These are the problems in the human-friendly control, and @)
sqlutions to each prqblems will help to establish thg human- i = Az + Bu ©)
friendly control. To this end, we propose some solutions here.

The observer design technology can play important roles to . , , .
improve the adaptation and operation performance of power’f: /p: B, By are inertias and dampings in each state. This
assistance tools. There are more physical values that shoul@geation uses disturbances to Slmpllfy the equation. The input
controlled in human-friendly control compared with the corfordue oft, is set as 0, and, is excited only by disturbance
ventional industrial control. Those physical values which Wi
want to use control can be obtained using various observers.Three sensors(encoder, gyroscope, accelerometer) are used

In industrial controls, disturbances should be rejected pd@r measurements. Output equations are shown in Table (I).
fectly up to high frequency bandwidth. This strategy is not
suitable for these power assistance tools. Disturbance atten- Encoder yenc= 0y
uation should be more flexible. There is compliance control gg;gfgg‘;eeter N T
in robot controls for flexible disturbance rejection, but it has Vace = 9050, — Ry S0
lots of things to be discussed to be applied to general power '
assistance tools. TABLE |

For this generalization towards other assistance tools, we OUTPUT EQUATION OF EACH SENSOR
propose a flexible disturbance attenuation control in Section
V. The design of disturbance response is strongly related
to the human-friendly control. More freedom of degree in
disturbance attenuation control makes the control humam
friendly. In Section V we argue more about this thing.

The measurements;, a, in the accelerometer is described
“figure(3). a, is linearized and used for the observer. This
results in the output equation for the observer shown in

equation (4).
IIl. ANALYSIS OF THE PHASE OF AWHEELCHAIR USING

AN STATES OBSERVER

There are some important physical values when one drives .
a wheelchair, such as driving speeg(in figure 2) and o R
inclination anglef,, in figure 2) Inclination angle in _the phas_e W\ /," ’
plane can denote the stability of the wheelchair in the pitch N R
direction. If a controller can use the value, it will make the \ay
rider feel comfortable even when the wheelchair is on a hill. 81 X

An observer which observes these two values is developed

h Fig. 3. Accelerations measured by accelerometer
ere.
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With this output equation, a state observer described in® ™ 2 ° f b & 7 8 ¢ ©

equation (5) is designed. The observer dghaiis decided using
the steady state kalman filter method, for this observer us€@. 5. Input Torque and Assistance
the multisensor. Torque versus Time.

i = Ai+Bu+L(y—Ci—Du) (5)

B. Experimental Results straightly without a wheelie, while in (b) there is a wheelie

Due to the limitation of sensors, the measurements; @ind arqund 4 sec. Req line in t.he upper figure of each experiment,
0, can be incorrect. In order to ge} information, we should Which showswy, is the differential of the encoder output.
differentiate the encoder output discretely. If the resolution gfiS value is very noisy and delayed, while the estimation
the encoder is too low or the angular velocity of the wheel i the proposed observer (blue line) is fast and not noisy.
too low, the discretely differentiated velocity will be very noisy!© investigate the robustness of proposed observer, we added
and incorrect. To overcome this, a low pass filter is utilize@ NCISe to the gyroscope output at 10 sec. Compared to the
but it will make the estimation slow. integration of the gyroscope output (red line in the below

And for the measurement @, the value of a gyroscopef'gure _of each experiment), the p_roposed observer estimation
is integrated. If there is some noise in the output of tH&!U€ lin€) shows robust observation results.

gyroscope, the drift phenomenon will occur. From this experimental resu_lt, we can conclude that us_ing
the proposed observer, the drift phenomenon can be avoided
4 ‘ ‘ ; and better velocity information will be obtained.
3 gl | C. Fundamental method for power-assistance control
0 s 1
‘ ‘ ‘ The power-assistance units amplify the manual inputs from
o) 5 10 15 20 the push rims with first order delay. The equation of power-
ol Time(sec) ‘ assistance controller is
1
B Tassist = amThumanv (6)
ol ‘ e S where « is power-assistance-ratidy, ss;s; IS the amplified

|
0 5 10 15 20
Time(sec)

(a) Without Wheelie

torque from the push rim7},,mq. iS the input torque from
the push rim and- is the time constant of first order delay.
7 should be a suitable value realizing inertia for wheelchair.
Therefore,r at the beginning of propelling should be small
value and that at the ending should be large as the following
relations.

d
=T >0
. :{ Tfast dt L human , (Tfast < Tslow) (7)

d
Tslow %Thuman <0

For example, our experiments adopt the following values
respectively,

0 5 10 15 20
Time(sec)

(b) With Wheelie Trast = 0.08[s],  Tsiow = 1.0[s]. (8)
And the behavior of this controller is shown in Fig.5.
Fig. 4. Estimated States:; andd, Fig.6 shows the block diagram of power-assistance con-
troller.
Proposed observer can overcome these two problems. ExFalling backward occurs as the interaction betwégmand
perimental results shown in figure 4 explain this point. Eadts angular velocityw,. These two values is estimated by the
figure showsu; andé, respectively. In (a), the wheelchair rungproposed observer.
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Fig. 10. Experimental Setup.
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Fig. 7. Man-wheelchair Phase Plane.
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D. Analysis of Falling Backward Using Phase Plane

In this part, the falling backward phenomenon of a @p=05 _ (b)y 3=3

wheelchair is discussed with a phase plane ffprand w,. Fig. 1. Experimental Results.

Because the falling backward is caused not only by the

position of thed,, but also by its angular velocity. Fig.7 shows

man-wheelchair phase p|ane, which divides the p|ane |rf@i||ng backward Compatible controller with Operations. The
three regions depending on the level of danger; A) propBfoposed power-assistance-ratio adjustment is shown as
safety zoney, < 0 and below the negative slope asymptote),

B) semi-safety zonef, < 0, w, > 0 and below the negative A= Qmax exp(gﬁ), (9)
slope asymptote), and C) dangerous zone (above the negative Op

slope asymptote).

Point P in Fig.7, which denotes man-wheelchair systetwhere 3 is the decreasing constant which decides a speed
maneuvering, is staying generally at the poifi, w,) = Of decreasing power-assistance-ratig/0, implies the slope
(60,0). But it will shift to C region through B region when from origin on the phase plane, namely the level of danger.
falling backward occurs. Figs.8, 9 show the result of fallingma. 1S the maximum power-assistance-ratio.
backward controlled by a subject without power-assistance
control. There, of course, are some offset between gyro sensor )

(see Fig.10)’s angle and the estimated in Fig.8. And it is sho/h EXperiments

Lg lr:é?ﬁ?nt?rac:r:]hg ?ggijsgt operated the wheelchair successfuIIyFig'-lo shows.the construction of the experimental apparatus.
' Experiments with3 = [0.5, 3.0] are performed that the
subject propels rims so that falling backward would occur
intentionally. The results are shown in Fig.11. Fig.11(a), in
. . . case ofg = 0.5, denotes a dangerous incident that the operator
A. Design of power-assistance-ratio can no longer get up himself, however, Fig.11(b), in case
Power-assistance-ratio control strategy for falling backwaod 3 = 3.0, denotes a safe front-wheel raising to get over
is proposed in this section. Power-assisted wheelchair shotld step on the uneven grand. can adjust the extent of
be controlled by the operator to be some extent from falling backward control and should be chosen considering
viewpoint of secure feeling, hence we aim at realization tfie operators’ preferences and driving characteristics.

IV. POWER-ASSISTANCERATIO CONTROL METHOD
BASED ON PHASE PLANE ANALYSIS



V. FLEXIBLE DISTURBANCE ATTENUATION CONTROL - By this feedback controller, the response of the wheelchair

GENERALIZATION OF COMPLIANCE CONTROL will be :
As we explained in Section Il, the design of the disturbance B 14+ CP, 1 d (10)
response plays very important role in the human-friendly y= i cp " Tivrcp?):

control. Power assistance tools compenaste human power is a reference input and is a disturbance. which are
. . r
against external force. Human power, however, itself can be a P '

disturbance when it is seen from the controller. This problema sisted torque and gravity respectively. Note thabyf =

sniar 0 e coopraton proem between rbot and umd U S5P0T5E DY L . W s e eedback
but more general. b ' P

by d is adjusted to—Z+d from Pd.
A. Disturbance Attenuation Problem Unique to Power Assis- This is the very feature of the two-degree-of-freedom

tance Tools (TDOF) control [5]. The TDOF controller designs the input re-

The disturbance observer in figure 12 is a typical method SPONSe and the djsturbance response sepgrately. Conventional
the disturbance rejection in industrial motor controls. It aimsCOF control design such as [5] uses the disturbance observer
at perfect disturbance rejection up to high frequency rangdQ’ the design of the disturbance response. But, using proposed
This perfect disturbance rejection is not suitable for the pow&pntroller, we can design a TDOF controller with flexible

assist control. Disturbance in power assistance tools can gturbance attenuation. _
related to human activities in many cases. Stiff rejection of | "€ passive adaptive control in [6] has the same structure

disturbance can worsen the operational performance and eV figure 13. While [6] adopted”,” ! for C' to realize the
make dangerous situation. perfect disturbance rejection, our proposed method decides

considering physical characteristics.
Flexible disturbance attenuation does not reject disturbance

d perfectly. It just modifies the physical characteristics of the
r. . p y plant against disturbance. This point is similar with the com-
T u pliance control[7] used in robot controls.
. ” Utilizing various filters as”', we can realize various flexible
—>o0<— P, disturbance attenuations, and it will provide enough degree of

freedom. We will design a gravity compensation controller as
one example of this flexible disturbance attenuation in next
section.

Q

Fig. 12. The Structure of the Disturbance Observer VI. GRAVITY COMPENSATION CONTROLLER DESIGN

) _ _ . A. Necessity of Gravity Compensation in the Power-assisted

The disturbance attenuation should be flexible when it Wheelchair
applied to the power assistance tools. But the feedback in this Isi ¢ heelchai hill is heavier burd
disturbance observer is not suitable for flexible disturbancepropu sion ot a wheeichair on a hill IS heavier burden

attenuation. The adjustable parameter in the disturbance iﬂén on I?V_el grpunrc]i. Figure 14 compan;s necissary torques
server is only suitable for the stiff rejection, and does n Qr propulisions in these two cases. It shows that necessary

provide enough degree of freedom for the flexible disturban[?-gzc’puls'On torque on hills IS much larger Fhan the torque fqr
attenuation. level ground propulsion, which means on hills, the power assist

control is more necessary. However, many of commercial
B. Flexible Disturbance Attenuation Control power-assisted wheelchairs do not assist the propulsion on hills

How can we make the disturbance attenuation flexible? Adgcause of difficulties of control.
solution we propose a feedback controller in figure 13. We can,
design the disturbance response arbitrarily using this feedback!

Fig. 14. Necessary torques to drive a wheelchair (Upper: drive on level
ground, Lower: drive on hill)
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P,

On a hill, a wheelchair will be tilted and its center of balance
will shift to the unstable area. This is a problem of the power

Fig. 13. Proposed Flexible Disturbance Attenuation Control i . I
assist control of a wheelchair on a hill. Inadequate power



assistance makes the wheelchair unstable and fall backwar&
because assisting power will work in the same direction with -
gravity. ?

A b o

B. Flexible Gravity Attenuation Control

Figure 15 shows the structure of proposed gravity attenua-s;

tion controller. The TDOF controller using proposed flexible
disturbance attenuation is applied Fig. 16. Experimental Results (Left: drive on level ground, Right: drive on
’ hill))
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VIl. CONCLUSION

Human
Torque | FF Cont. 1 Output In this paper, we suggested the human-friendly control.
(Assist) Js+ B Some requirements for this human-friendly control were listed

e I | and we proposed solutions to those requirements. The solu-
| as g | tions are applied to_a power-assisted wheelchair control.
—— T The first suggestion was the development of observer for
| important physical values. The observer should be designed to
! _— | make user of power assistance tools feel comfort and to adapt
Feedback Contfoller | Jus+ B | i to various environments. The observer we proposed was an
example that provide a rider safe and natural assistive control.
Fig. 15.  Structure of flexible gravity attenuation controller applied to AISO we have shown that sensor fusion by the observer design
power-assisted wheelchair method can improve the ability of sensors.
The other suggestion was the flexible disturbance attenu-
tion. It provides the TDOF control which can design the

—L_ is the dynamics of the wheelchair, and "FF, o '
Js+B ]
Cont.(Assist)” means a feedforward controller for a powéj isturbance response by changing physical values of a plant,

ist hich will be& herek | ist i And it can make the response flexible. In the gravity com-
assistance which Wil be -, WnereJ 1S an assistance ratio. o qation control, the parameters was inertia, damping. This
Qontroller in the dotted rectangular is the gravity Compens?féxible disturbance attenuation is a key when we design a
tion contr(_)ller. - . ) ) controller for power assistance tools, because the stiffness to

Increasing the friction and inertia of the wheelchair makgfq gisturbance should be modified arbitrarily.

the wheelchair seem heavy to gravity. This can be flexible\ypat e have suggested in this paper showed that advanced
gravity attenuation. The controller will produce just a certaipyotion control theory can improve existing power assistance
amount of power to attenuate the effect of gravity on thg qtems when it is properly designed. There are many things
wheelchair. The amount can be modified arbitrarily based giie giscussed to establish this human-friendly control. How-
the mertl_a and friction of the wheelchair char_lge(_j by the f'lt%ver, this technology is notable not only from the viewpoint
C. To this end, we adopfys + Bq asC, and it will change ¢ engineering but also from that of society.
like follows:
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