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ABSTRACT on terrain condition where the wheelchair is located. We have

An operation states observer for a wheelchair system is ex- suggested an operation states observer of a wheelchair for tf
tended to three dimensions in this paper. This new observer in- power assist control and it provided important operational condi
corporates a three-axis accelerometer allowing a user to estimatetions in [3]. This paper extends the states that the operation stat:
more precise information on terrain condition. observer can estimate into three dimensions.

To design this observer, first, a model dynamics illustrat-
ing the two-dimensional relationship between the gravity and the
motion of a wheelchair on a slope is derived. Experimental re- 1.1 Operation States Observer in a Power-assisted
sults verify our derivation of equations. Then, the dynamics is Wheelchair
simplified and used in the design of the extended observer. Since  In [3], operation states described in Figure 1 (a) are accu
the dynamics itself and the output of that have nonlinear char- rately estimated using the kalman filter algorithmis driving
acteristics, the extended kalman filter design algorithm is em- speed of a wheelchair in the longitudinal directidgnjs incli-
ployed. By simulation, the stability and effectiveness of the ap- nation angle which means the leaning angle of the wheelcha
plication is verified. frame from the horizon. These variables are necessary for th

Key Words: wheelchair, operation states observer, ex- power assist control of a wheelchair [3] but cannot be accuratel
tended kalman filter, two-dimensional effect of the gravity, human measured by sensors. Figure 1 (b) is the measurements of tl
friendly motion control, three-axis accelerometer

1 Introduction

Recently, various kinds of power wheelchairs have been
developed and suggested [1], [2]. In addition to the electric-
powered wheelchairs which are now quite broadly used,
pushrim-activated, power-assisted wheelchair (PAPAW) [2] has
been focused as a new mobility assistance. In all these power
assisted wheelchair needs proper control algorithm and that con-
trol algorithm can be improved if we can get precise information Figure 1. Operation States and Measured Information

(a) states of wheelchair (b) measurements of sensors



wheelchair is the rotated angle of a wheel,, a, are the output 2 Describtion of Three-dimensional Operation State

of an accelerometer, ardis the output of a gyroscope. In order to design a states observer, the relationship of op
Since this previous observer [3] uses two-dimensional ac- eration states, especially the angles to be estimated should |

celerometer, any information on the lateral direction cannot be analyzed at first.

measured. The gravity acting in the lateral direction, illustrated

in Figure 2 will not be estimated in this observer. o ]
2.1 Derivation of Output Equations Produced by

Three Sensors
Three kinds of sensors are utilized in this system: one 3-axi
accelerometer, two encoders on both wheels and one gyrosco
which measures the pitch angle around the axis of wheels. The:
sensors providé, a, & in Figure 3 and the moving velocityin

Figure 1 (a).
z In order to design an observer using these sensor output
the relationship between these outputs and state variables shot
Figure 2. Gravity Acting Laterally on a Wheelchair be clarified. At first, output equations which tell how the state

variables appear in sensor outputs are derived here.

Figure 3 shows the relationship between the pitch apgle
and the yaw or heading angieof a wheelchair on a slope &f

This gravity in the lateral direction, however, interferes with  This relationship will be described as Equation (1).
the heading direction of a wheelchair and is quite important in-
formation in assisting a Wheelchalr._ This is the reason why this sin — sina sing (1)
paper suggests an extended operation states observer.

This equation reveals the output equation of the gyroscop
which measures the angular velocitydof The equation is given
as Equation (3).

1.2 Extension of Conventional Operation States Ob-
server

If the angleg of the slope is obtainable, it must improve the
control of a wheelchair. For this reason, we design a novel states
observer to get information of the andle ¢ = sin (sinasing) ~ sinasing (2)

Figure 3 illustrates the angles we will estimate by a novel ¢ ~ acosasing +&sinacost 3)
observer design: the pitch angle of a wheelchi)nith regard-
ing to its heading direction, the heading angi¢ With regard to
the horizon and the slope angfg 6f a hill.
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Figure 3. Angles Necessary for Safe Operation on a Slope ( 87 force

Figure 4. Decomposition of the Force Measured by an Accelerometer

If we can distinguish these angles correctly from the mea-
sured values, the control of a wheelchair on a slope will be more
safe and easy to operate by a user. For example, accurate values  Accelerometer measures the linear acceleration of th
of these angles enable a controller to drive a wheelchair straightly wheelchair including the gravity vector. In addition to the head-
in the face of the lateral gravity. ing acceleration in the linear direction, yaw acceleration is alsc



measured by a three-axis acceleration. Equation (4) to (6) de-

scribe the output equations of a 3-axis accelerometer.

ax = gsingsina +V+ frotation 4)
ay = gsinE CoSOl + VO -+ frotatioql (5)
a; = gCOS, (6)

wherev illustrates the velocity of a wheelchair in its heading
angle. The directions of y, zaxes are illustrated in Figure 5.

The first term of each equation shows the gravity vector of
which direction is determined by the conditioné of a hill the

wheelchair is located. The second terms represent the inertial

force in Equation (4) and the centrifugal force in Equation (5).
These are the forces manifested on the center of mass.
Meanwhile,frotaﬂOrky are the forces caused by the fact that
the accelerometer is not located in the center of mass of the
wheelchair. Rotational motion around the center of mass pro-

can be associated with the measured acceleratianthe loca-
tion of the accelerometer is identified with Equation (9) using
e| B er .

V= %(R9r+Ré|), 9)

wherery,rp, Rmeans the lengths and distances illustrated in Fig-
ure 5. Also the heading angétein Equation (5) can be derived
from 6, and6; as Equation (10) assuming no slip.

R
a=
ri+ro

(6 —6) (10)

Finally we obtain 6 output equations of all sensors, which
contain the values df, a, § we want to estimate. The equations
are re-described in Table 1.

duces additional acceleration measurements in the accelerome-

ter. Figure 5 (a) shows the location of the accelerometer in a
wheelchair. Since it idy,Ay off the center, additional inertial

and centrifugal forces are applied to the accelerometer described

in Equation (7) and (8).

(7)
(8)

. s
frotation = A8x+mMa“Ay

I - 2
frotation, = —0A4y +ma“Ay

First terms are the output of the inertial force and second terms
are the output of the centrifugal force. Notice that in this analysis
of acceleration output, the center of gravity is assumed to be fixed
so thatAy andAy are dealt as known variables.

Yy
center of
mass
y T 4
x j Ay R accelerometer
l L
A, ry
f
accelerometer
(a) Top view (b) Rear view

Figure 5. Location of an Accelerometer in a Wheelchair

If the slip between the wheels and the ground is ignored, the
rotated angles of two wheels which are representéyl, 8 here,

Table 1.
Gyroscope | ¢ = acososing + Esina cost

Output Equations

ax = gsing sina + v+ ma24y

Accelerometer| a, = gsing cosa + va — GA

8, = gCOSE

v=1(RO, + RO
Encoder Z(R i )

a= ri+ro <er - el)

While the equation ody is straightforward, the equation of
ay is somewhat complicated. In order to verify that equation,
three kinds of experiments are performed: 1) wheelchair rotate
its heading angle without moving forward, 2) it turns right, 3) it
goes forward and moves backward turning left.

In Figure 6,a, described as a thick blue line represents the
lateral acceleration measured by the accelerometer, while tr
thick blue line representa, calculated based on Equation (5)
with the value ofv anda from the encoder output. Two values
are identified with each other, proving the correctness of Equa
tion (5).

2.2 Derivation of Three-dimensional Dynamics

In order to build an states observer, a model of wheelchai
dynamics is required; especially a model that describes how e
ternal force or the gravity affects on the motion of a wheelchair in
the lateral direction. Dynamics of a wheelchair has many com
mon points with that of a mobile robot. Some researches hav
modeled this dynamics [4], [5]. They focus on the coordinate



a, by accelerometer

a, by calculation

acceleration (m/sz)

a_ by accelerometer

A

a, by calculation

2

acceleration (ni/s)

) 2 4 6 8

a, by accelerometer

a, by caleulation

)

)

acceleration (
"

Time (sec)

Figure 6. Comparison of Lateral Acceleration

conversion and the effect of rolling resistance, but the effect of
the gravity in the lateral direction is not made clear in their mod-
eling. This relationship will be clarified in this paper using the

concept of the slip angle.

Since the lateral disturbance affects on the lateral motion of
the wheelchair through the tires, the model should include the
cornering force of the tires. This point is quite similar with the
analysis on the dynamics of four-wheel vehicle. For this similar-
ity, we adopt the dynamics modeling of vehicle dynamics not that
of mobile robots to explain the lateral motion of a wheelchair.
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Figure 7. Lateral Motion of a Wheelchair

Figure 7 shows the relationship between the direction of
moving velocity and heading direction. The difference is called
asf or the slip angle in the vehicle engineering. When the grav-
ity acts on the wheelchair in the lateral direction, that lateral
force brings about the slip angle causing tire to produce cornel
ing force. Finally the gravity results in the change of the headinc
angle. This relationship between the dynamic§ ahd the yaw
ratey is described in Equation (11) and (12).

mv (‘;ﬁt‘ -|-y) =Yi B,V + Y (Br.Y) +0at  (11)
Ig—Z:Ifo(Bf,y)—th(Br,V)a (12)

whereYs,Y; mean the cornering force acting on the front wheels
and the real wheels (Figure 7).

In four-wheel vehicle dynamics, the steering of two front
wheels is quite important input to the yaw rate. In a wheelchai
dynamics, however, the front wheels consist of casters and a
not fixed so that the heading angle of the front wheels can b
identified with the direction of the wheelchair’s moving velocity,
V in Figure 7. This meanB; in the front wheels is quite small
and there will be little cornering force in the front wheels. This
is the most different point of a wheelchair dynamics from that of
a four-wheel vehicle.

There is a research which analyzes the effect offhig a
wheelchair motion [6]. Itillustrates the effects[bf based on ex-
periments, and the effect proves to be transient since the grour
reaction force caused by tfig is transient. Based on these facts,
this 3¢ is assumed to be zero in this paper, and consequently tr
cornering force¥s,Y; are given as the following.

Ys
Yr

—Ki B+ 0
*KrBr = *Kr (B*lr

(13)
(14)

v)

\Y
Based on this consideration, the transfer function from the

gravity to the rotated angle = [ ydt which we want to estimate,

is given as a second order system. However, we try to approxi
mate it to a first order time delay system.

% a K K
_—— = —_—
Oat Jat S +20wns+wd s+

(15)

In this approximation, the error in the phase is the biggest prob
lem. However, the gravity does not change so fast that this af
proximation in the high frequency region will not cause estima-
tion error. This simplification results in the following dynamics



equations.

D . 1 . .
% = ——¥% + — (uf — Ry — Mgsinasing) (16) X3 0
M M X4 0
. B. 1 . i .
0 = ——a+ = (u — Mgl cosa sing), a7 X = —%x3—93|nx23|r_1x5 wuf
' ' —Bxq — Mgcosx sinxs U
whereM is the weight of a user and a wheelch&yjs the rolling ):)6 8
resistance in the longitudinal direction. Rolling resistance in the
yaw direction is quite small and it is assumed zero. = f(x)+g(u) (19)

These motion equations are verified by comparison of sim-
ulation results and experimental result. A wheelchair is located
on a slope as the Figure 2. The gravity affects on a wheelchair
laterally and the heading angle changes by the gravity. Figure 8
shows the yaw-rate of the wheelchair in the experiments and the
simulation.

X1
X2
X4 COSX2 SiNXs + Xg SiNXp COSXs
X3 + gSinXz SiNXs + Maccaced
MX3X4q 4+ gCOSXo SinXs + maccdaccyxﬁ
gCcosxs

X1
X2
X4 COSX2 SiNXs + Xg SiNXp COSX5
- %XS + maccdaccxxg% + ﬁ ug
MX3X4 + g COSX2 SiNXs + MaccaceyXs
gCOSXs

= h(x,u) (20)

yaw rate (rad/sec)

02 ‘ ‘ Notice that we includ€ as a state. Changes &or the
slope angle are random and difficult to model. If we include this
change as a disturbance state, it will simplify the model. This
Figure 8. Comparison of Yaw-rates in Experiments and Simulation idea will be verified in simulations in Section 4.

time(sec)

o ] . o 3 Design of Nonlinear Operational States Observer
Dotted line is the simulation result. This line shows the same for a Wheelchair

motion with the other five experimental results which are de- With the equations derived in last section, an operation state
scribed as five solid lines. The oscillations in the experimental ,pserver is designed in this section.

results are caused by rough terrain after the downward slope. The

changes in the beginning are quite similar, which demonstrates

that our modeling of dynamics is right. 3.1 Extension of Kalman Filter to Nonlinear Region
This modeling and sensor output analysis leads to the states ~ Since the dynamics and sensor outputs have nonlinear che
definition which is shown in Equation (18). acteristics, the extended kalman filter (EKF) algorithm is adopte

in this research. This EKF is an effective method to estimate th

o T states of nonlinear dynamics in Equation (21) and (22) [8].
X (% 0% GEE) y quation (21) and (22) [8]

= (e ¥ %) (18) X(t) = f(x(t— D) +out— 1), +w(t),  (21)

(x(t)) +e(t), (22)

Il
> =k

X5 Is terrain condition which means the slope of a hijlis y(t)
the heading angle of a wheelchair and also can be terrain condi-
tion, andxs is the velocity which is necessary for various power wherew(t) ande(t) are white noise sequences which have zerc
assist control of a wheelchair [7]. mean and covariance mati@xandR respectively.



Based on these model equations, the two procedures of4 Simulation Results

Kalman filter, the prediction and the update are given as

X(t) = f(x(t-1)) +g(u(t-1)) (23)
y(t) = h(x(t)) (24)
X(t) = X(t) + K(t)(y(t) = 9(t)) (25)

The problem is the decision of the gairft) which will op-

Main purposes of simulations conducted in this section are
two: one is the verification of observer design, which means i
will be checked whether the extended operation states observ
can correctly estimate the states in spite of the linearization af
proximation done in EKF design. The other is the verification of
how effect it is to introducé and¢ as states.

Three cases are simulated: 1) a wheelchair goes up a hi
perpendicular to the horizon, 2) a wheelchair goes up a hill no

timize the covariance of estimation error under a certain system perpendicular to the horizon, 3) a wheelchair attempts to chang

and measurement noises. As the optimization of the K&in
in linear systems is done calculating the transition of error co-
variance matrix, the linearized transition equation in nonlinear

its heading angle on a hill.
At first, when a wheelchair climbs a hill perpendicular to the
horizon, the gravity affects only the moving velocity and the state

systems also can conduct the same optimization. From this view- o will keep its value as;.

point, linearization approximation becomes necessary.

Since the Taylor expansion can work as this linearization,
three matrixes in Equation (26) to (28) will linearize the nonlin-
ear system.

of(t,x)
F(t) = 26
0= 5 e (26)
G(t) = 9y xq (27)
_oh(t,x)
HO = 5 e (28)

With these matrixes, the estimation error covariance matrix
P(t +1|t) and the gairK(t) will be given as

1

K(t) =P(tt-1HOH )Pt -DHT ) +R ~ (29)
P(t|t)=P(t|t—1) — K()H (t)P(t[t—1) (30)
P(t+1Jt)=F (t)P(t[t)F T (t) + G(t)V ()G (), (31)

whereR andV are the covariance matrixes of the white noise
w(t) ande(t) in Equation (21) and (22).

We should notice that since the g#r(t) is derived from the
approximation, it is likely to estimate the states correctly but is

not an optimal one. To overcome this incorrectness, other ob-

server designs such as the unscented filter [9] are proposed.

3.2 Application of Extended Kalman Filter to a
Wheelchair
In order to apply this EKF design to our observer, three ma-
trixes F(t), G(t) andH (t) should be derived from the equation
(19) and (20). Equation (32) and (33) represents the derived lin-
earized matrixes.
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Figure 9. Simulation 1) Perpendicular Climbing

Figure 9 shows the result of this perpendicular climbing sim-
ulation. Changes i means a wheelchair goes up a hill 008
rad from 2 to 6 second. Since torque to propel a wheelchair i
the longitudinal direction is applied to a wheelchair (the patterr
of torque is illustrated in Figure 10 (f)), it starts to move and the
statex, increases for the moment. However, after the wheelchai
goes up a hilly andx start to decrease. This is simulated in
the result, and we can check that the proposed observer correc
estimates the states.

Figure 10 is the simulation result when a wheelchair goes
up a hill witha Z. If the heading angle is not perpendicular to

With these matrixes, an extended operation states observerthe horizon, the gravity affects the heading angle and makes tt

for a wheelchair is designed. In the next section, we will verify
our design using simulations.

wheelchair turn. This motions is well simulated and we can set
in Figure (b) thatx moves to- 7 due to the gravity. The proposed



0 0 1 0 0 0

0 0 0 1 0 0
F() = 0 —gcosXsinxs —r 0 —gsinxcosxs 0 (32)
0 Mgsinxpsinxs 0 —2 —Mgcosx,cosxs 0
0 0 0 O 0 1
0 0 0 O 0 0
H(t) =
1 0 0 0 0 0
0 1 0 0 0 0
0—X4 SiNXp SiNX5+Xg COSX2 COSXs 0 COSX2 SiNXg X4 COSX2 COSX5—Xg SiNXo SINXsSiNX, COSX5
0 0 —5  2macdacca 0 0 (33)
0 —(gSinXz SinXs MxMxz+2maccacexyXs gCOSX2 COSX5 0
0 0 0 0 —gsinxs 0
0 0 0 0 0 0

observer can correctly estimate the states also in this case. How-tudinal and lateral directions are derived and utilized in the de

ever, &, the observed slope angle is somewhat incorrect. Since sign of the observer. Considering the nonlinear characteristics ¢

the statef does not have any model and is only handled as a these motions, the Extended Kalman Filter design is adoptec

disturbance, these incorrectness cannot be avoided. Simulation results verify this observer correctly estimates all
Figure 11 is the simulation results of a wheelchair on which states in various operational environments.

a user attempts to change the heading angle at 1.5 and 6.5 sec- Experimental results in this paper demonstrate that ou

onds. Figure (f) shows the yaw moment applied by a user. derivation of the dynamics model and sensor output model i
Around 1.5 secondy starts to increase fror§ by the yaw right. The verification by simulations certifies the EKF algorithm

moment. After 2 second, the gravity starts to affecince it is is right.

not perpendicular to the horizomwt increases due to the gravity The one point which is not cleared in this paper is the ro-

from 2 to 6 second. After 6 second, the wheelchair is on level bustness of the proposed observer. Since the dynamics model

ground again and is only driven by the applied yaw moment.  Equation (32) and (33) has some parameters which can vary du
In this case, the simulation results show that the proposed ing operation such as the distance between the center of gravi

observer also estimate the states correctly. and acceleration, and the weight of the whole wheelchair systen

estimation based on that model can be wrong.

Sensors used in this research themselves can be a soluti

5 Conclusion to this robust problem. Since the states estimated by the ot
In this paper, an extended operation states observer is pro-server can also be calculated algebraically from the sensor ou
posed. It can estimate the heading angle of a wheelchair and theputs, the model in Equation (32) and (33) plays additional role
slope angle on which the wheelchair is as well as wheelchair’s in estimation and thus errors in parameter values will not caus
moving velocity. so much estimation error. In addition to this robustness result
Simplified motion equations of a wheelchair in the longi- ing from enough sensors, states which absorb modeling erro
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can be added to improve robustness. Our previous observer [3]
has the disturbance states and that could simplify and robustify

Figure 10. Simulation 2) Climbing with the heading angle g

dynamics model.

The effectiveness of the proposed observer and the idea of
robustness should be implemented to a wheelchair and experi-

mented. This is our future works.
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