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of an inverted-pendulum-type robotic
wheelchair to climb stairs considering dynamic
equilibrium

Yuya Onozuka' ®, Nobuyasu Tomokuni?, Genki Murata® and Motoki Shino'

Abstract

The wheelchair is the major means of transport for elderly and physically disabled people in their daily lives. However
it cannot overcome architectural barriers such as curbs and stairs. In this study, we developed an inverted-pendulum-
type robotic wheelchair for climbing stairs. This wheelchair has a seat slider and two rotary links between the front
and rear wheels on each side. When climbing stairs, the wheelchair rotates the rotary links while maintaining an
inverted state of a mobile body by controlling the position of the center of gravity using a seat slider. In previous
research, we confirmed that the wheelchair can climb by applying the control method consisting of a center-of-grav-
ity control phase and rotary link control phase. However, it took approximately 15 s to rotate the rotary links during
climbing because faster climbing causes the movement of wheels and the wheelchair to fall. This paper focuses on a
control method to restrain the movement of the wheels when the stair climbing speed is increased. We realized that
the movement was caused by forces acting on the pitch angle, such as the inertial force and the reaction of the driv-
ing force. We proposed the method considering the dynamic equilibrium of the pitch angle and confirmed the effect

of the restraining wheels'movement when the proposed method was applied.
Keywords: Wheeled Robot, Climbing stairs, Inverted pendulum, Attitude control, Dynamics

Introduction

In recent years, the number of elderly people and physi-
cally disabled people has increased, and the demand for
Electric powered wheelchairs (EPWs) has also witnessed
an increase. However, as it is difficult to access some
areas that have curbs and stairs when using a standard
EPW, the range of activities is limited compared to that
of healthy people, leading to a decline in the quality of
life. Therefore, several mechanisms have been developed
that can access these areas without requiring assistance
from a caregiver. The characteristics of these mechanisms
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differ depending on the grounding method and are clas-
sified into three categories: crawler-type mechanism,
multipoint-grounding-type mechanism, and a two-point-
grounding-type mechanism.

SCEWO [1] employs a mechanism that combines a
crawler and wheels; the crawler is used when climbing
stairs and the wheels are used traveling on a flat ground.
The ground contact surface at the time of climbing stairs
on the crawler is only at the edge of the stairs. For this
reason, it is considered desirable to use stairs with small
gradients. The RT-Mover [2] and MEBot [3] are examples
of multipoint-grounding-type mechanisms that maintain
static stability by creating three or more ground contact
points when climbing stairs. These mechanisms allow for
safe climbing because static stability is maintained at all
times. However, there are several actions that need to be
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executed for climbing stairs, which renders stair climbing
time-consuming. In addition, as the mechanism is com-
plicated and the size of the undercarriage is large, some
stairs are impossible to climb depending on the length of
the tread. iBOT [4] utilizes a two-point-grounding-type
mechanism composed of two right and left wheels and
a rotary link that connects the front and rear wheels on
each side. The iBOT climbs by repeating four- and two-
point grounding states. It is possible to climb in roughly
3 s per step regardless of the slope of the stairs and the
length of the tread. However, as it is in a statically unsta-
ble state of two-point grounding on the stairs, it is nec-
essary for a passenger to hold the handrail to maintain
balance to climb stairs without the assistance of a car-
egiver [4]. Therefore, iBOT is unsuitable as a mobility
support device for elderly people with limited lower- and
upper-body function.

The wheelchair proposed by Shino et al. (Fig. 1) utilizes
a two-point-grounding-type mechanism similar to the
iBOT and climbs using the control theory of an inverted
pendulum. As a feature, it has a slider mechanism to con-
trol the center-of-gravity position. It is different from the
iBOT in that the adjustment of balance is autonomously
accomplished, and therefore does not require assistance
from caregivers or the training of passengers. In previous
research using this mechanism, a controller was imple-
mented to maintain the pitch angle at zero without fall-
ing over on the stairs [5-7]. Consequently, stability was
ensured under the condition that it took approximately
15 s to ascend a single step. However, two-point-ground-
ing-type mechanisms have fewer degrees of freedom
and are simpler than multipoint-grounding-type mech-
anisms. Therefore, the former should be able to climb
faster. In fact, although it is not a boarding-type robot,

1
Fig. 1 Proposed inverted-pendulum-type robotic wheelchair [5]

Rotary link
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there have been studies aiming at stair ascending and
descending such that the grounding wheels do not move
more than the length of the stairs when using a two-
point-grounding-type mechanism [8—10]. In this paper,
we clarify the characteristics of the behavior of the mech-
anism when increasing the stair climbing speed and pro-
pose an attitude (pitch angle) control strategy that takes
this characteristic into account.

Mechanism design

Front and side views of the mechanism proposed by
Shino et al. are depicted in Fig. 2, and its specification
are listed in Table 1. As shown in Fig. 2, the proposed
mechanism comprises two rotary links between the front
and rear wheels on each side, and a slider that moves the
seat back and forth. As a result of previous experiments
to examine the response of the occupant when the seat
is vibrated up and down and back and forth by using a
6-DoF motion platform as shown in Fig. 3, it has been
confirmed that the response of the occupant is small in
the frequency band when climbing stairs [11]. In addi-
tion, the user is assumed to be fixed to the seat with a
seat belt. Therefore, a payload can substitute the real user.
The device has a slider actuator under the seat and rotary
links and wheel-drive motors. Shino et al. [5] evaluated
stair climbing with these actuators, confirming that each

Table 1 Specifications of developed EPW

Parameter Value
Height 1245-1375 mm
Length 1055-1175 mm
Width 732 mm
Weight (without payload) 90 kg
Maximum thrust of slider actuator 895N
Maximum motor torque of rotary link 150 Nm
Maximum motor torque of wheel drive 10 Nm
Front view Side view
Payload Slider
Actuator for
slider
MU Linear encoder
Body base
Wheel
Rotary link

Actuator for rotary links
and wheels
Fig. 2 Mechanism of proposed wheelchair. Payload is placed as a
substitute for passengers
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Six degrees of freedom
(6-DoF) motion platform

Fig. 3 Seat vibration experiment [11]

actuator has the adequate frequency response [5]. In
addition, this EPW has a sensor for each actuator, and
an inertial measurement unit to acquire the pitch angle
of the EPW. A public facility is assumed as the operation
environment for this EPW, and the dimensions of stairs
should satisfy the Japanese Building Standards [12].

Control strategy

System modeling

As the control is symmetrical during climbing, we define
the mechanism as a two-dimensional rigid model, as
shown in Fig. 4, and derive the equation of motion [6].
The constant parameters and the prototype values
are listed in Table 2. There are six state variables: pitch
angle 6, rotation angle of the left rotary link 6y, rota-
tion angle of the right rotary link 6,}, rotation angle of the
left wheel 6y, rotation angle of the right wheel 6, and
position of the slider x;. There are five inputs: left rotary
link torque 1y, right rotary link torque 7y, left grounding
wheel torque 1y, right grounding wheel torque 7, and
slider force F;. There is no actuator for the pitch angle,
and it is not driven. When the equation of motion is
derived by the Lagrange method, it is expressed as fol-
lows, where ¢ is time and L is the Lagrangian:

Fig. 4 Simplified model for design of control system
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System control architecture

The proposed mechanism allows for the climbing of stairs
by switching between two operation modes: the center-of-
gravity control phase and the rotary link control phase, as
illustrated in Fig. 5. On a stair with a sufficiently long tread
surface, the sequence shown in Fig. 5b is used. The center-
of-gravity control phase is a preparation phase for per-
forming inverted pendulum control on the front wheels.
The center of gravity of the EPW is moved above the
front wheels by moving the slider when all the front and
rear wheels are in contact with the ground. In this phase,
the slider is moved to the target position, and propor-
tional-differential control and gravity compensation are

a Sequence of climbing stairs under conditions of short stair
tread.

b Sequence of climbing stairs under conditions of long stair
tread.

Fig. 5 Sequence of climbing stairs. a Center-of-gravity control phase,
b Rotary link control phase, ¢ Inverted movement control phase
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Fig. 6 Detailed control block diagram of system for climbing stairs

Target slider position and velocity +—+ Desired trajectory H

Feedforward control

Xref, x ref

Feedback control

Table 2 Parameters of developed EPW

Parameter Symbol Value
Wheel radius r 0.125m
Half-length of rotary link / 0.13m
Center of mass of body base h 0.2528 m
Center of mass of seat hs 0617 m
Mass of wheel My 1.65 kg
Mass of rotary link m 74kg
Mass of body base mp 50.0kg
Mass of slider (including payload) ms 98.5 kg
Total mass of wheelchair M 169.9 kg
Inertia of wheel Jw 0.00965 kgm?
Inertia of rotary link Ji 0.107 kgm?
Inertia of body base Jb 34 kgm?
Inertia of slider Js 1.23 kgm?

performed such that the rotation angle of the rotary links
and wheels does not change. During the rotary link control
phase, the rotary link is rotated, and the stairs are switched
as inverted pendulum control is performed on the two
front wheels. During this period, the target trajectory for
the rotary link rotation angle is set from the stair shape,
and the target trajectories for the wheel rotation angle and
the slider position are calculated accordingly. As shown in
Fig. 6, this controller combines feedforward control that
provides actuator inputs to follow the target trajectory, and
feedback control that compensates for disturbances and
modeling errors to improve the ability to follow the target
trajectory.

Feedforward control

Considering symmetrical control when climbing stairs,
6, means 6) = 6 = 6, and 6,, means 6y = 6y, = Oyy. The
rotary link control phase is divided into three sections, as
shown in Fig. 7, and the target trajectory of the rotary link
angle Oef is set such that each section is smoothly con-
nected [7]. The target trajectory for the wheel angle and

Section 2

Section 1

Fig. 7 Three sections in rotary link control phase

V2% 7 Z2% 4
Fig. 8 Wheel rotation associated with rotary link rotation

slider position is set according to the target trajectory for
the rotary link. When the rotary link rotates, the wheel also
rotates owing to the structure of the mechanism, as shown
in Fig. 8. Therefore, the target trajectory of the wheel angle
Owref is assumed to be the reverse of the target trajectory of
the rotary link angle, as shown in the Eq. (7).

ewref = _Glref (7)

The target trajectory of the slider position is set such
that the moment around the center axis of the ground-
ing wheel is geometrically zero in the model shown in
Fig. 4. Since the pitch angle 6, must be maintained near
zero, the target trajectory of the slider position xg.f is
expressed as the Eq. (8). The total weight of the wheel-
chair (4m, + 2m) + my, + my) is written as M.

1Ml
Xsref = 7 ——(cos(8y) + cos(6y1)) (8)
2 mg
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Feedback control

By linearizing the derived Eq. (1)—(6), the state equa-
tion is obtained as the expression (9), where the state
variable x; and inputs u; are defined as the expression
(10) and (11), respectively. To eliminate the nonlinear
terms, we made the following assumptions.

o 611, 611, Ot Orwer s and ébp are small and these quad-
ratic terms are regarded as zero.

+ From 6,, ~0, we set sin(fp) =6, ~0 and
cos(Opp) =~ 1.

« Slider position xg satisfies Eq. (8).

In consideration of the backlash of the gear between
the wheel and its actuator, the wheel angle feedback
control is not performed. Therefore, the wheels angle
O and O, are not included in the state variables.

X = A13x13(00, Or)xk + B13xs (O, 0wk 9)

Xpe = V O, / O, / Oops Ot 011> Oy s:
T

élw’ érw; éll» érlr ébp; ks]

(10)

Ui = [Tws Tew> T Tels FS]T (11)

The state equation (9) is a function of the rotary link
angle 6], and it is required to derive the feedback gain
according to the rotary link angle. Therefore, we obtained
36 state equations at each angle where the rotary link
angle is changed by 10 deg from -180 to 180 deg. For each
state equation, the feedback gain that minimizes the eval-
uation function shown in the Eq. (12) is obtained using
optimal control theory.

o0

J0 = [ W 0Qs0 +uT ORul (1)
Q is the weighting matrix of the control state variables
and R is the weighting matrix of the control inputs.
Diagonal matrices are shown as Eqgs. (13) and (14). In the
matrix Q, the weight of the slider position and the pitch
angle are set to be large, and the weight of the wheel
angular velocity is set to be small to balance without
falling.

Q =diag[10, 10, 25000, 4000000, 4000000,

20000000, 8000000, 15000, 15000, (13)
50000, 50000, 800000, 300000017
R =diag(18,18,1,1,0.1)7 (14)
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From the above, feedback gains corresponding to dis-
crete rotary link angles were obtained. Here, the feedback
gain corresponding to the continuous rotary link angle
is obtained by interpolation. Let K(«, ) be the feed-
back gain when the right rotary link angle is & and the
left rotary link angle is 8. Four feedback gains (K (a;, ),
K(ai1, By, K(ai, Bir1), K (i1, Bir1)) with discrete rotary
link angles close to « and B are selected as shown in
Fig. 9. When linear interpolation is performed on g, the
two feedback gains K (e, 8) and K (w41, B) are expressed
as in Egs. (15) and (16).

K(ai, B)
_ B — B
=Ko, fj) + —— (K (ai, Bj+1) — K(@i, By))
:8)+1 - /3]
(15)
K(Oli+1, ,8)
_ B — B
= K(ctis1, ) + —— (K (eti, Bj+1) — K (e, )
ﬂj+1 - ﬁj

(16)
At this time, the feedback gain K («, f) is expressed as in
Eq. (17).
K(a, B)
o — o
=K, p) + ——— . (K (ais1, B) — K(ai; B))
i+1 — W«
(17)
The feedback control inputs are calculated by the control

law shown in Eq. (18) based on the obtained feedback
gain K («a, B).

up = K(a, B) (Xkret — %) (18)

Experiments and discussion

Experiment for determining characteristics

In this section, we determine the behavior of the mobile
body as the climbing speed of stairs increases.

Left rotary
link angle
K (@i, Bis1) 1 K(iv1, Bj+1)
B == ® ®
K(a,B)
p--1e- *
1
1
K(aupB; K(ait1, B
ﬂj PY ( 11ﬁ]) ® ( i+1 j)
1
: Right rotary
a a Aiyq link angle
Fig.9 Linear interpolation of gain
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Table 3 Time it takes to rotate rotary links

T=T +Txls] Tqls] Ta3s]
15 1 14

10 1 9

75 1 6.5

5 1 4
Experiment conditions

Kawahata’s study [7] shows that the amount of the ground-
ing wheel movement in section 1 as shown in Fig. 6 is small,
so the experiments were performed under the condition
that time T for section 1 was fixed at 1 s, and time T53 for
sections 2 and 3 was changed as presented in Table 3. Based
on the Building Standard Law, the height of the stairs was
0.14 m.

Experiment results and discussion

From the results of the experiment shown in Fig. 10a, the
amount of grounding wheel movement increased with the
increase in the stair climbing speed. The changes in the
pitch angle under the conditions of 7 = 15 and T = 5 are
shown in Fig. 10b, c respectively. Although the pitch angle
is maintained near zero, and the wheelchair does not fall,
the grounding wheels move approximately 30 cm under
the condition of T = 5 from Fig. 10a. If the length of the
tread is short, it collides with the side of the stair, leading
to a fall of the wheelchair. Figure 11 shows the time series
change of the actual grounding wheel position. If we look
at the white marker, we can see the manner in which the
wheels are rotating.

To theoretically understand the factors that increase the
motion of the grounding wheels with an increase in the
stair climbing speed, we focus on the equation of motion
related to the nondriven pitch angle, as shown in Eq. (1).
It is necessary to set the pitch angle to zero to prevent the
wheelchair from falling. When Eq. (1) is expanded with
Opp = ébp = ébp = 0, it can be expressed as follows:

0 =— msgxs + Mgl cos b
+ (4] + (Mr + mghg + mphy,
+ Mlsin0)r) (6 + 6) (20)
+ mg(r + hs + I sin 6)) i
+ (4 + (M + 4my,)1?)6;

(19)

+ (M’I’ + mghs + mbhb)l(él sin 6y + 912 cos 61)
(23)
— mgxsl (0 cos ) — 07 sin 0)) (24)

The term (19) refers to the moment due to gravity, the
term (20) refers to the moment due to the inertial force
of the mobile body moving back and forth with the
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Fig. 10 Results of experiment for determining characteristics

wheel rotation, and the term (21) refers to the moment
due to the inertial force of the slider movement. The
term (22) denotes the moment due to the inertial force
of the rotary link rotation, the term (23) denotes the
moment due to the inertial force of the mobile body
moving back and forth with the rotary link rotation,
and the term (24) refers to the moment due to the iner-
tial force of the mobile body moving up and down with
the rotary link rotation. As shown in Fig. 12, it can be
seen that each element affects the pitch angle of the
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t=1

Fig. 11 Wheel movements when climbing stairs

mobile body during inverted pendulum control. The
term (21) represents the effect of the force accompany-
ing the slider movement, and the reaction force of the
slider force Fyjiger is considered to be affected. The term
(22) represents the effect of the force accompanying the
rotation of the rotary link, and the countertorque of the
rotary link 7y, is considered to be affected.

The equation of motion expressed by the terms (19)-
(24) do not include the motor torque, and a conditional
expression (hereinafter referred to as a dynamic equi-
librium equation) is used to dynamically maintain the
equilibrium state of the pitch angle zero when inverted.
When the left and right wheels and the rotary links
are controlled symmetrically, there are three degrees
of freedom: wheel angle 6, rotary link angle 6, and
slider position xs. However, this dynamic equilibrium
equation does not allow the target trajectory to be set
independently. Once the desired trajectory of the two
degrees of freedom is determined, the remaining tar-
get trajectory is uniquely determined from the dynamic
equilibrium equation [13].

Here, we discuss the current feedforward control and
the behavior of the mobile body. First, it is necessary to set
the target trajectory of the rotary link. In addition, since
it is desirable that the grounding wheels on the stairs do
not move, the current target trajectory for the wheels is
adopted. In this case, the target trajectory of the slider
must be set so that the moment due to the inertial force
and reaction of the driving force expressed by the terms
(21)—(24) and the moment due to gravity expressed by the
term (19) can be compensated. However, the current target
trajectory of the slider can only compensate for the gravita-
tional term (19) as shown in Eq. (8). For this reason, feed-
forward control does not compensate for the effects of the
inertial force and reaction of the driving force shown in the
terms (21)—(24) on the pitch angle. That is, to maintain the
pitch angle at zero, one of the wheel angles, the rotary link

Direction of slider movement

—

Filiger: Reaction of G
slider force

Direction of
rotary link rotation

)

a Reaction of slider force

F,,: Inertial force caused by

Direction of
wheel movement

horizontal movement
with wheel movement

b Inertial force caused by horizontal movement of

wheels

F,: Inertial force caused by

/

F,: Inertial force caused
by vertical movement
with rotary link rotation

/

Tiink: Reaction of /
rotary link torque

¢ Reaction of rotary link torque
caused by link rotation

horizontal movement with rotary
link rotation

Direction of
rotary link rotation

)

and inertial force

Fig. 12 Inertial forces and reaction forces acting on pitch angle
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angle, and the slider position cannot theoretically follow
the target trajectory.

Here, focusing on feedback control, since the wheel has
a large gear backlash, the wheel angle is not feedback-con-
trolled, and the feedback gain of the wheel angular velocity
cannot be increased. In other words, the wheel angle has
the lowest ability to follow the target trajectory. Therefore,
the moment owing to the inertial force and the reaction of
the driving force are converted to the moment owing to the
inertial force of the wheel back-and-forth movement. That
is, it is considered that the pitch angle of zero is maintained
by adjusting 6, of the term (20).

When the stair climbing speed increases, the angular
velocity and acceleration of the rotary link increase, and the
slider acceleration X also increases because it is expressed
as a function of 6 as shown in the expression (25). In other
words, an increase in the stair climbing speed leads to an
increase in the moment acting on the pitch angle indicated
by the terms (21)-(24). To compensate for this moment
and maintain the pitch angle at zero, a moment owing to
the inertial force of the back-and-forth acceleration of the
grounding wheels is generated.

Based on the abovementioned facts, the back-and-forth
acceleration of the grounding wheels is considered to
increase and the moving amount of the grounding wheels
to increase with an increase in the stair climbing speed.

. Mg .. "
et = —— ((fisin; + 67 cos o)) (25)
S

Control considering dynamic equilibrium
Control method
By substituting the target trajectory of the rotary link and
the wheel into the dynamic equilibrium equation and solv-
ing the equation of motion for x, it is possible to derive
the slider target trajectory considering the dynamic equi-
librium. However, owing to the dynamic friction caused by
the movement of the slider and the rotary link when climb-
ing stairs, an error occurs between the theoretical slider
target trajectory and the slider target trajectory that can
compensate the dynamic balance in the actual machine.
Therefore, we aim to suppress the grounding wheel move-
ment by considering the moment acting on the pitch angle.

As described in the previous chapter, the moment act-
ing on the pitch angle is compensated by the moment M,,
generated by the inertial force of the wheel’s back-and-forth
movement. Therefore, as shown in Fig. 13, a control target
generates moment M as a moment equivalent to M, by
changing the center-of-gravity position with a slider move-
ment to suppress the grounding wheel movement.

From the term (20) of the dynamic equilibrium equation,
the moment M,, due to the inertial force of the wheels’
back-and-forth movement is expressed by Eq. (27) using
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the relationship of Eq. (26). In addition, the moment Mg
generated when the slider is moved by Ax is defined as the
following Eq. (28):

b + 61 =x7w (26)
%

My =4Jy + (Mr + mghg + mphy, + Ml sin el)r)(TW
(27)

Mg = — msg Ax (28)

M,, and M; need to be equivalent to compensate the
moment acting on the pitch angle not by M,, but by M.
At this time, the change amount Ax of the slider target
position necessary to compensate the dynamic equilib-
rium by adjusting the slider position is expressed as Eq.
(29).

4w + (Mr + mghs + mphy, + Ml sin 6)r ..

Ax = Xw
mggr
(29)

From Eq. (29), if the back-and-forth acceleration of the
wheel Xy, is known, then Ax can be obtained. However, X,
is a state quantity that appears because of climbing and
is not an observable state quantity. Therefore, we con-
sider estimating %,,. From Fig. 10a, it is shown that the
grounding wheel acceleration increases as the climbing
speed increases. Therefore, we experimentally obtaine
the relationship between the stair climbing speed and the
grounding wheel acceleration.

As described in the previous chapter, the target tra-
jectory of the rotary link is divided into three sections,
as shown in Fig. 6 and is set in each section. The rotary
link angular velocity in section 2 is assumed to be a con-
stant. Therefore, a climbing experiment was performed
in which the rotary link angular velocity in section 2 was
changed from 0.1 rad/s to 0.9 rad/s every 0.1 rad/s, and
the grounding wheel acceleration was observed. Conse-
quently, as shown in Fig. 14, the square of the rotary link

M : Moment caused
by center-of-mass
movement of payload

Mgy: Moment caused by inertial force

M,; Moment caused and reaction of driving force

by inertial force of
back-and-forth

movement of wheels

— AX
Direction of G
slider movement

Direction of wheel
movement

T

Fig. 13 Control considering dynamic equilibrium
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angular velocity and the grounding wheel acceleration
have a linear relationship. Using Eq. (30), we found that
the estimated value of the grounding wheel acceleration
%, can be obtained from the rotary link angular velocity.

Sw = 0.1147(8¢ — 0.1709) (30)

Ax can be derived by substituting the expression (30)
into the expression (29). However, when 5Aéw <0,Ax =0.
Equation (30) indicates that when the rotary link angular
velocity Oiref satisfies 9'1% ot > 0.1709, the grounding wheel
acceleration occurs due to the inertial force and the the
reaction of driving force, and the equilibrium state is stat-
ically maintained under the condition of élfef < 0.1709.
By using Ax, the slider target trajectory considering
dynamic equilibrium of the pitch angle can be expressed
by Eq. (31).

1Ml
Xsrefdyn = ii(cos(grl) + cos(Oy)) + Ax (31)
ms

A block diagram of the control to generate the slider
target trajectory considering the dynamic equilibrium is
shown in Fig. 15.

Verification experiment for effectiveness

We applied the control to change the slider target posi-
tion by Ax to sections 2 and 3, where the moving amount
of the grounding wheels is large. Climbing experiments
were conducted under the conditions of a step height of
0.14 m and rotary link control phase of 5 s.

Experiment results and discussion

As shown in Fig. 16, the wheel angular velocity devia-
tion tends to decrease, and the amount of ground-
ing wheel movement decreases. However, the primary
goal is to theoretically obtain a wheel angular veloc-
ity deviation of zero, which indicates that the moment

0.08
5 0.07 y=0.1147x - 0.0196
= R2=0.9754

£ 0.06

0 02 0.4 0.6 0.8 1
Square of link speed [(rad/s)?]

Fig. 14 Relationship between square of link angular velocity and
wheel acceleration
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—+ Derive Ax from Xy,
Fig. 15 Control block considering dynamic equilibrium

acting on the pitch angle cannot be fully compensated
by the moment due to gravity. This can be attributed to
the failure to follow sudden changes in the slider target
value by Ax at the transition from section 1 to section 2,
as shown in Fig. 17. In addition, as shown in Fig. 18,
the amount of movement of the grounding wheels
was within the allowed range, but increased after 2 s,
and therefore, it cannot be said that the wheelchair
can climb stairs in a stable manner. Therefore, further
improvement is necessary. In this result, based on the
geometrical relationship shown in Fig. 19, the allowed
range of the grounding wheel movement is calculated
as the range for which the grounding wheels do not col-
lide with the side of the stairs or slip off the edge of the
stairs under the conditions of a step length of 0.26 m,
which is the shortest length in public facilities.

Control for improving following performance

In the previous section, we clarified that the slider posi-
tion cannot follow the target value when transitioning
from section 1 to section 2. Therefore, to improve the
ability to follow the slider target trajectory, as shown in
formula (32), we consider a strategy to update the target
value sequentially according to the deviation between the
slider position measurement value x; and the target value
considering dynamic equilibrium Xgefqy,. A block dia-
gram of this control is shown in Fig. 20.

Improved

Deviation of wheel angular
velocity [rad/s]

Time [s]

—Previous ——Proposed

Fig. 16 Deviation of wheel angular velocity when climbing stairs
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Fig. 19 Geometric relationship between stairs and wheels

Xsrefnew = Fsrefdyn + I((xsrefdyn — Xs) (32)

Here, as shown in Fig. 21, the value of K was experimen-
tally determined to minimize the forward-and-backward
grounding wheel movement. In this study, the value of K
was set to 0.1.

Experiment to verify effectiveness of two proposed control
methods

After adding a new strategy to update the slider tar-
get position, we conducted an experiment under the

Time [s]

K=0 K=0.1 —K=0.2

Fig. 21 Adjustment of coefficient for proposed control
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Fig. 22 Wheel angular velocity error when climbing stairs
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Fig. 23 Pitch angle when climbing stairs




Onozuka et al. Robomech J (2020) 7:23

Page 11 of 13

Fig. 24 Wheel movement when climbing stairs

conditions of a step height of 0.14 m and rotary link con-
trol phase of 5 s.

Experiment results and discussion
As shown in Fig. 22, the wheel angular velocity deviation
was smaller than before, and the deviation could be sup-
pressed to nearly zero. In addition, as shown in Fig. 23,
the pitch angle was suppressed to approximately zero
even after applying the two proposed control methods.
Focusing on the white marker in Fig. 24, it can be seen
that the marker is not moving significantly, and that the
movement of the grounding wheels is in fact suppressed.
Comparing the transition of the grounding wheel posi-
tion before and after the application of the two proposed
control methods, as shown in Fig. 25, the grounding
wheel acceleration is observed to be suppressed by the
application of the methods. It can therefore be said that
the moment acting on the pitch angle was compensated
by the moment due to gravity. Consequently, the amount
of movement of the grounding wheels was within the
allowed range, and stable climbing was achieved under
the condition of a rotary link control phase of 5 s. Fig-
ure 26 shows a block diagram with the two proposed
controls and they are surrounded by a red line.

Demonstration experiment

Figure 27 shows the manner in which the proposed
mechanism allows the chair to climb multiple stairs
using the mentioned controllers under similar condi-
tions. However, the second step is based on the sequence
depicted in Fig. 5b. It takes 24 s to complete the ascent to
the second step, and the ascending speed per step is not
fast. Although the speed of the rotary link control phase
was improved, the center-of-gravity control phase took
approximately 10 s (9 s to 19 s), and further improvement
is necessary.

Conclusions

In this study, we proposed a method to improve the sta-
bility of an inverted-pendulum-type robotic wheelchair
by controlling the center of gravity by a slider mechanism
when the stair climbing speed is increased. As a prob-
lem encountered when climbing stairs at high speed, the
inertial force and reaction of the driving force generated
by the rotation of the rotary link and the movement of
the slider affect the nondriving pitch angle. Therefore, to
compensate for these effects, the grounding wheels move,
which lead to the falling of the wheelchair. Therefore, to
reduce the amount of grounding wheel movement, the
slider target position was updated and a controller that
can compensate for the dynamic equilibrium of the pitch
angle using the updated target position.

In addition, it was demonstrated that using the con-
structed controller, the movement of the grounding
wheels was greatly suppressed, and it was possible to
stably climb stairs under the conditions of a step height
of 0.14 m and rotary link control phase of 5 s.

In future work, we will improve the functional safety
when a user operates the EPW and propose corre-
sponding safety measures.

0.35
— 03
)
s 0B Wheel acceleration
2 02
Z o1s
a ol Allowed range of
3 . —wheel movement _ _ _
§ 0.05
0
005 ° -
Time [s]
—Previous ——Proposed
Fig. 25 Comparison of grounding wheel movement before and after
applying proposed methods
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Fig. 27 Demonstration experiment when climbing stairs
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