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We propose a derivation of adaptable wheel rotation
velocity for negotiating irregular terrain based on ve-
hicle configuration. We developed a holonomic vehi-
cle capable of negotiating steps and running around
omnidirectionally on a flat floor using seven special
wheels and two passive links. Each wheel has its ac-
tuator, requiring that the rotation velocity of individ-
ual wheels be coordinated, which is difficult due to
changes rotation speed when the passive link negoti-
ates the irregular terrain. Unstable rotation velocity
calculated without considering the vehicle configura-
tion causes wheel slippage and rotation error that ad-
versely affect mobility on rough terrain. Because con-
ventional general traction control cannot coordinate
wheel velocity, we propose reference derivation that
does so based on the vehicle configuration. In the sec-
tions that follow, we focus on (1) the derivation of in-
dividual wheel velocity during step climbing and (2)
adaptation to wheel control reference while balancing
rotation velocity among wheels. We confirm the feasi-
bility of our proposal in experiments using our vehicle
prototype.

Keywords: omnidirectional mobility, passive linkage,
step climbing, wheel control

1. Introduction

Mobile robots operating in environments such as nu-
clear power plants, factories, welfare care facilities, and
hospitals ideally must be able to negotiate narrow spaces
and barriers such as vertical gaps, steps, and irregular ter-
rain quickly to execute tasks efficiently. This requires
omnidirectional mobility with no holonomic constraint on
movement [1,2] and step climbing ability.

Among the many omnidirectional mobile systems, e.g.,
legged, ball-shaped, and caterpillar, are devised thus far.
Legged robots [3,4] move in all directions and nego-
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tiate rough terrain, but many be complex and energy-
inefficient, requiring actuators simply to maintain bal-
ance. Robots with ball-shaped wheels move in any di-
rection [5], but many be unable to negotiate rough terrain.
Special crawlers [6] proposed for omnidirectional mobile
robots may move over irregular terrain but not over large
steps. To meet these needs, we are developing holonomic
omnidirectional stepclimbing vehicles [7].

Our prototype uses seven free-rolling wheels and pas-
sive links (Fig. 1). Its 12 cylindrical rollers [8] apply trac-
tion only in the direction of travel. Its wheels are actuated
and generate omnidirectional movement through a suit-
able wheel arrangement and control.

Our vehicle’s new passive links are more suitable than
a general-purpose rocker-bogie suspension for step climb-
ing [9, 10]. Free joint point 1 is the same height as the
axle, so the vehicle negotiates the step smoothly when the
wheel contacts it moving forward or backward [11]. No
sensors or extra actuators are needed to negotiate barriers
on the floor.

In using passive links and redundant actuators, our ve-
hicle controller calculates control references for individ-
ual wheel based on a kinematic model [12], controlling
actuators to use coordinates among wheels using PID-
based control [13].

When a vehicle with passive links negotiates steps, in-
dividual wheel velocity differs because of changes in the
vehicle configuration and its kinematic model, so wheel
control references change in the vehicle configuration.
Many mobile vehicles with passive links have been devel-
oped [14,15], but most do not discuss the adjustment of
control references using changes in vehicle configuration.
Lamon et al., for examples, discuss vehicle configuration
in three-dimensional odometry [15], but do not discuss
the kinematics model on control reference of individual
actuators.

Unsuitable control references calculated by a fixed
kinematic model cause wheel slippage or rotation error,
compromising vehicle movement [16] and, in the worst
case, make the vehicle unstable (Fig. 2) when unstable
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Fig. 1. Prototype.
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Fig. 2. Unstable positioning.

wheel control is used and unexpected force is applied to
the free joints of the passive links, preventing the vehicle
from negotiating. Such unstable control and unexpected
force must be reduced to maximize traction.

Because mobile vehicles negotiating rough terrain gen-
erally control their wheel by using traction, we focused
in previous works on wheel feedback control considering
the output traction of individual wheels [17], but found it
is difficult to coordinate individual wheel rotation speed
using traction control alone, especially when changes in
vehicle configuration are large.

Here, we propose configuration-based wheel control
that improves vehicle negotiation of irregular terrain by
reducing wheel slippage and rotation error based on two
key concepts. The first involves deriving movement speed
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Fig. 3. Step climbing.

for individual wheels based on the vehicle configuration
during step climbing in real time.

The second involves wheel control referencing while
maintaining the balance of rotation speed among wheels,
especially during step climbing with considering loads
among wheels. Based on these two concepts, our vehicle
uses suitable wheel control references referring to vehicle
configuration while balancing wheel rotation speeds.

This paper is organized as follows: Section 2 discusses
new control derivation referencing the vehicle configura-
tion. Section 3 details results of experiments using our
prototype. Section 4 presents conclusions.

2. Control

2.1. Kinematics

Our vehicle’s built-in the passive links enable it to
change configuration based on the terrain as it negotiates
steps (Fig. 3), modifying wheel control by referencing its
configuration. Here, we consider the relationship between
wheel rotation velocity vectors and changes in vehicle
configuration in general passive-link vehicle models.

We assume that the vehicle has n passive links and all
wheels touch the ground and are activated. When the ve-
hicle negotiates a barrier (Fig. 4(a)), the velocity vector of
wheel i + 1 is calculated by the velocity vector of wheel i
and the rotation velocity vector of wheel i+ 1 in Eq. (1),
expressed three-dimensionally Cartesian coordinations:

Vi =lvi+lex L (D)

where i is the number of wheel (i = 1,...,n), 'v; and ‘o;
are the velocity vector and the rotation vector of wheel i
in Cartesian coordinate {i}. P 1 1s the position vector
from wheel i to wheel i + 1 on coordinate {i}.

Coordinates of each wheel are defined as follows
(Fig. 4(b)):

(1) x-axis defined in wheel drive direction.
(2) y-axis defined perpendicular to the ground.

The x-direction of the velocity vector of coordinate {i}
is derived as the control reference. The control reference
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of wheel i + 1 (@;4) is derived from Egs. (2) and (3):

i+ly. .
Wiy = il +'oill. - (2)
i+lV,’+1 = i:_HR . iV,'+1. Ce e e e e e e e (3)

||i+1vi+1 ||x is x-ingredient of the wheel i + 1 velocity
vector, r is the radius of the wheel and ﬁ“R is the con-
version matrix from coordinate {i} to {i+ 1}. When the
velocity vector and rotation vector of wheel i are defined
as 'v; and {6, the control reference of wheel i + 1 is ex-
pressed as shown in Eq. (4):

7R - (vi+ioy < PL) ||

r

4o

“)

All wheels touch the ground, i.e., the plane shown in
Fig. 4(b). When the angle between the x-axis of coordi-
nate {/} and that of coordinate {i+ 1} is ¢ as shown in
Fig. 4(a), the conversion matrix is derived as shown in
Eq. (5), and « fulfills Eq. (6):

Wiyl =

z"

. cosa¢ —sina 0

HIR=| sina cosa O R )
0 0 1

Vil =0. . . oo (O

54

Potentiometers

Tilt sensors

i v

Goordinate {4}

(b) 3D

Fig. 5. Prototype coordinates and parameters.

2.2. Prototype Adaptation

In the previous section, we discussed general vehicle
kinematics referencing the vehicle configuration. Here,
we adapt this to our vehicle prototype and derive the
velocity vector of each wheel. Our vehicle measures
changes in vehicle configuration using attitude sensors
and generates wheel control references based on this in-
formation.

Our vehicle has two potentiometers on each passive
joint and tilt sensors on the back (Fig. 5(a)). We measure
the following angles using these sensors:

(1) Roll angle 6, and pitch angle y; from potentiometers.

(2) Roll angle 8, and pitch angle 9, from tilt sensors.

Our vehicle has 7 actuated wheels. Fig. 1(a) defines
the wheel number (wheel i: i = 1,...,7), coordinates, the
length of individual links, and the rotate speed of each
wheel. R; and R; indicate the length of each link and
w1, ..., 7 are the rotation speeds of each wheel.

When the vehicle runs at vg in direction X on coordinate
{4}, the velocity vector of wheel 7 on coordinate {4} is
derived as shown in Eq. (7) by Eq. (1). The kinematic
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relationship among wheels is shown in Fig. 5(b).
by, =4 Vg +40'6 ><4P$
4
]
= (4V4 +4O'4 X 4Pg) +4O'(, ><4P$ = 4V7y
4 |
Vo + 91{—R1 sin 0) + R, cos 0; siny;
—bcosB; (1 —cosy)}
=1 6 {R1cosB; — R, sin O siny; + bsinO;
X (1—=cosy1)} — 7i(Racosy, —bsiny)
—7 (Racos B siny; —bcosO; (1 —cosyy))
(D)

Velocity vectors of wheels 1, 3, and 5 are derived from
Egs. (8), (9), and (10):

4Vl = [ 4V1x 4V1y 4Vlz ]T
Vo — 92{R1 sin 6, + Rycos B, sin s
—bcos6, (1 —cosp)}
= 92{R1 cos 6, + R sin 6, siny, — bsin 6,
X (1—=cosp)}+ r(Racosy, —bsiny)
72 (Racos Gy siny, —bcos6; (1 —costr))

. (8)

4V3 = [ 4V3x 4V3y V3z ]T
Vo + 92{—R1 sin 6, + Rycos B, sin s
—bcos6r(1 —cosp)}
= 92{R100592 —R,sin6;siny, + bsin 6,
X (1 —=cospr)} — 7 (Racosy, — bsinp)
—7 (Rycos By sinys, —bcos6r (1 —cospy))
-9
4VS = [ 4V5x 4V5y 4v51 ]T
vo— 0, {R;sin6; + Rycos O siny;
—bcosO; (1 —cosy)}

=\ 6 {R1c0s0; 4+ R,sinb; siny; — bsin 6,
X (1 —=cosy1)}+ 7 (Racosyy — bsiny)
71 (Racos 6y siny; —bcosO) (1 —cosyr))
(10)

The rotation vector of each wheel is derived using roll
and pitch angles as shown in Egs. (11) and (12). In
Eq. (11), the rotation vectors of wheels 5 and 7 are the
same because these wheels are connected by the same
link. Similarly, the rotation vectors of wheels 1 and 3 are
the same in Eq. (12).

40'5 :40'7 = [ 4G7x 4G7y 4G7z ]T

=[n o0&l ......dy
40'1:40'3:[ O3y O3y 40-3z ]T

=[p o0 6] ... ... 302
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2.3. Wheel Control Reference Derivation

Having derived velocity vectors and individual wheel
rotation vectors when the vehicle runs at v on coordinate
{4}, these vectors are calculated using only the kinematic
relationship of the wheels. Velocity vectors vary greatly
when the vehicle configuration changes greatly. Simply
deriving wheel control references using these extraordi-
nary vectors in Eq. (4), yields equally varying that pre-
vent the vehicle from balancing wheel rotation speeds and
causing wheel slippage and rotation error. To derive suit-
able wheel control references from results in the previous
section, we consider the following:

(1) When the vehicle negotiates the step at V along the
vehicle coordinate (Fig. 1(a)), we set Vj as the veloc-
ity in direction x on the coordinate {4}.

(2) To maintain balance among wheel rotation speeds, all
wheel speed based on Vj referencing the vehicle con-
figuration must be smaller than V; (Fig. 6).

When the vehicle negotiates the step at Vj on the vehi-
cle coordinate (Fig. 1(a)), we set the speed in direction x
on coordinate {4} as shown in Eq. (13) temporarily and
we derive velocity vectors of all wheels from Egs. (7)-
(10):

Y=V . - (13)
Coefficient ¢; of wheel i is determined by Eq. (14):
ke Ay > v
o) g [l > Wl L (14)
L if fv] < W
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where “v; indicates the calculated velocity vector of wheel
i. i(=1,...,7) indicates subnumber for identifying
wheels.

The velocity vector on coordinate {4} is determined as
shown in Eq. (15), in which all wheel velocity vectors are
calculated within the range of Vj:

v;””:C-A'Vi..... (15)

where ¢ = min{cy,...,c7}.

We derive wheel control references from wheel veloc-
ity and rotation vectors derived in the previous section.
When we set v as velocity vector v§* of direction x, the
velocity vector of wheel i on coordmate {i} is as shown in
Eq. (16). As shown in Eq. (5), we assume that the obstacle
is a a-degree slope for each wheel (Fig. 5(a)).

Vix -|

. . [cosa —sinQ O-I [4
vy =iR-%y;= | sina cosa 0 |- iy
Lo o 1) [
[ cos @ - vy —sinat - Hvyy
= | sina-*vy +cosa- vy ... (16)
4.,
[ J
From Egs. (4) and (13), the control reference of wheel
i is expressed as shown in Eq. (17):
coso - *v; —sina - 4v,-y

W = - +%. . ...

The o degree is defined as shown in Eq. (18) because
the x axis is defined in the wheel drive direction and the
velocity vector is parallel to the drive direction as shown
in Eq. (6):

sina-4v,-x+cosa-4v,-y:0. N € )

Our vehicle controls each wheel based on this control
reference using PID-based control that coordinates the
output traction of each wheel [17].

3. Experiments

3.1. Setup

We verify the effectiveness of our proposed control ref-
erence in experiments using our prototype (Fig. 7). Our
prototype negotiates the step while moving forward.

Adapting our proposed control reference to our proto-
type, we compare the result of the proposed reference to
the result of a fixed reference without considering the ve-
hicle configuration. Vehicle parameters are given in Ta-
ble 1.

We conducted two experiments. In the first, the vehicle
negotiates the same step twice — once using our proposed
control and once without using it. The vertical gap in the
step is 0.065 m and we evaluate wheel slippage and ro-
tation error. In the second, we verify the maximum step
height that the vehicle can negotiate.

56

S h Forward Direction

Front Wheel Middle Wheel B Rear Wheel
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Table 1. Prototype parameters.

Linkage Number 2
Linkage Length Front 195 mm, Back 400 mm
Weight Front 7.8 kg, Back 13.8 kg
Wheel Diameter 132 mm
Distance Front-Middle 255 mm,

Middle-Rear 215 mm
Static 0.3, Dynamic 0.25

between Wheels
Friction Coefficient

Speed (V) 0.25 m/s
— Front Wheel
o 04 = = «Middle Wheel
% o3 | | == =Rear Wheel
e e e =
202 | \ ;{ : :
& | _\—/r
= 01 |
o
0 05 1 15 2 25

Time (s}

Fig. 8. Wheel control reference during climbing.

3.2. Results (1)

When the vehicle prototype negotiates the 0.065 m step
in experiment 1, control references for each wheel are de-
rived as shown in Fig. 8. These references are within the
range of Vj and the experiment verifies that these control
references are suitable.

Figure 9 shows the slippage ratio [16] and Fig. 10
the rotation error ratio of wheels during climbing. Three
peaks show contact between the step and the front, mid-
dle, and rear wheel. The wheel slippage ratio decreases to
45% and the wheel rotation error ratio decreases to 43%
under our proposed control scheme (Table 2). The wheel
slippage ratio and rotation error ratio are calculated using
Egs. (19) and (20):

ro—ve

§ = . (19

§ s (19)

s O — @

d= . (20
> (20)
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Table 2. Wheel slippage and rotation error ratio [%].

Wheel

Ratio Reference | Front | Middle | Rear | Average
Slippace Fixed 26.7 259 | 244 25.7
Ppag Proposed | 120 | 12.0 | 104 | 117
Rotation Fixed 325 29.8 30.7 31.0
Error Proposed | 12.7 134 14.2 134

where @ is the wheel rotation speed and @,y the wheel
rotation speed reference. r and v, indicate the radius of
the wheel and the vehicle speed.

These results confirm that our proposed scheme re-
duces wheel slippage and rotation error.
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Fig. 11. Negotiating a 152 mm step using wheels 132 mm
in diameter.

3.3. Results (2)

In experiment 2, the vehicle negotiated a 0.152 m step
based on our proposed wheel control scheme (Fig. 11).
With the standard scheme, the vehicle can negotiate only a
0.072 m step. Our vehicle can negotiate 0.180 m based on
mechanical design, so our control realizes 85% of the ve-
hicle’s potential step-climbing performance. Experimen-
tal results verify that vehicle performance increases using
our proposed wheel control.

4. Conclusions

We have proposed step-climbing wheel control based
on vehicle configuration changes during climbing. We
discuss a configuration-based kinematic model for which
we adjust wheel control, enabling the vehicle to main-
tain its balance through rotation speeds while negotiating
steps.

Results of experiments verified the effectiveness of our
proposed. Based on our approach, the wheel slippage ra-
tio and rotation error ratio decreased when our vehicle
negotiated the steps, improving its performance. Our ve-
hicle negotiated 0.152 m steps using wheels 0.132 m in
diameter. Our omnidirectional wheel control scheme is
useful for wheeled vehicles with passive links.
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