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Summary. In our current research, we are developing a holonomic mobile vehicle
which is capable of running over the step. This system realizes omni-directional mo-
tion on flat floor using special wheels and passes over the step in forward or backward
direction using the passive suspension mechanism. This paper proposes a new wheel
control method of the vehicle according to its body configuration for passing over
the step. The developed vehicle utilizes the passive suspension mechanism connected
by two free joints that provide to change the body configuration on the terrain con-
dition. Therefore, it is required to coordinate the suitable rotation velocity of each
wheel according to its body configuration. In our previous work, the vehicle motion
during step-climbing was discussed and moving velocity of each wheel was derived.
In this paper, we adapt these results to wheel control and derived rotation velocity
reference of each wheel. The performance of our proposed method is verified by the
computer simulations and experiments using our prototype vehicle.

Keywords: Omni-Directional Mobile System, Passive Linkage Mechanism,
Step-Climbing, Wheel Control

1 Introduction

In recent years, mobile robot technologies are expected to perform various
tasks in general environment such as nuclear power plants, large factories,
welfare care facilities and hospitals. However, there are narrow spaces with
small barriers such as steps and the vehicle is required to have quick mobility
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for effective task execution in such environments. The omni-directional mo-
bility is useful for moving in narrow spaces, because there is no holonomic
constraint on its motion. nj 2y Furthermore, the step-overcoming function is
necessary when the vehicle runs in the environment with barriers. In related
works, various types of omni-directional mobile systems are proposed (legged
robots, ball-shaped wheel robots, crawler robots, and so on). The legged robot
131 121 can move in all directions and passes over rough terrain. However, its en-
ergy efficiency is not so good because the mechanisms tends to be complicated
and the robot need to use its actuators in order to only maintain its posture.
The robot with ball-shaped wheels can run in all directions (s, however, it
cannot run on the rough grounds. The special crawler mechanism (g is also
proposed for the omni-directional mobile robot, but which can climb over only
small steps. Therefore, there is still a lack of well-adapted mobile system for
both narrow spaces and irregular terrain operation and we are developing a
holonomic omni-directional vehicle with step-climbing ability. 7

Our prototype mechanism consists of seven special wheels with free rollers
(Figure 1) and a passive suspension mechanism. The special wheel equips
twelve cylindrical free rollers (g and applies the traction force only in advance
direction. All special wheels are actuated and generate the omni-directional
motion with suitable wheel arrangement and wheel control.

Furthermore, our mechanism utilizes new passive suspension system, which
is more suitable for the step than general rocker-bogie suspensions. 9 o) The
free joint point 1 is in the same height as the axle and this system helps that
the vehicle can pass over the step smoothly when the wheel contacts it in
forward or backword direction. = No sensors and no additional actuators are
equipped to pass over the barriers on the floor.

Wy

L i bengaupied e e

4 * . =
” -

x f 1 P &'

* gy Al E 3t \\{-\M/'.
R,  SekVaw Ty View
" [ =iy Special Wheel

” /

(1) B i o 3 /

), Top Yiew i, =
Free Jowl Poond 2 Free Joint Poinmt 1 Special wheel

I, k| =
| Bl 4 / .
2 @ ] =g"§ :g‘ 2V Free Juint Poirt 2 _
= = gt Special Whee!
v e ns . » =i
Side View Frant Vies P
(a) Overview of the mechanism (b) Prototype vehicle

Tig. 1. Our prototype mechanisim



Wheel Control Based on Body Configuration 333

Our prototype has redundant actuations, therefore the vehicle controller
calculates the control reference of each wheel based on the kinematic model 1)
and controls each actuator to take the coordination among the wheels using
PID-based control..2zy When the vehicle with passive linkages overcomes the
step, the moving velocity of each wheel is different because of the change of the
body configuration and its kinematic model. Therefore, it is required to modify
the wheel control reference referring to the change of its body configuration.
However, in many cases, fixed control reference which is derived without the
consideration of body configuration is adapted and it causes the wheel slippage
or rotation error. 13

In our previous work, we developed PID based control scheme with co-
ordination among the wheel ;12 and derived its control reference referring to
its body shape. 1.y However, wheel control reference tends to become too ex-
traordinary, especially during step-climbing, because it is derived from only
vehicle’s body configuration without consideration of the balance among wheel
velocities. Too extraordinary control reference causes wheel slippage and ro-
tation error. Wheel slippage disturbs the vehicle mobile performance and it
is important to reduce it for maximizing traction force. s Therefore, it is
required to derive the suitable wheel control reference not only referring the
body configuration but also maintaining the balance among the wheel rota-
tion velocities. In this paper, we developed the adjusting method of wheel
control reference referring to the modification of the body shape for reducing
wheel slippage and rotation error, and increasing the mobile performance.

2 Control System

2.1 Kinematics

Our vehicle has the passive suspension mechanism in its body and the body
configuration changes according to the terrain condition when the vehicle
passes over the non-flat ground. Therefore, it is required to mocdlify the wheel
control referring to its configuration.

In this section, we consider the relationship of rotation velocity vector
of each wheel and the change of the body configuration on general passive
linkage vehicle model. We assume that the vehicle has n passive linkages
and all wheels have grounded and actuated. When the vehicle passes over
the barrier as shown in Figure 2 (a), the velocity vector of wheel i + 1 is
calculated by the velocity vector of wheel ¢ and the rotation vector of wheel
i+ 1 in equation (1). These vectors are expressed by three dimensions in their
local coordination system.

3 ipi
Vigl ="'V, + 0y X :+1 (1)
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where i is the number of wheel (i = 1---n), 'v; and ‘g; are the velocity vector
gind the rotation vector of wheel ¢ on the coordinate system i, respectively.
'P},, is the position vector from the wheel i to wheel i + 1 on coordination i.
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Fig. 2. Relationship between the velocity vector and the vehicle body

The coordinate system of each wheel is defined as shown in Figure 2(b).
- The x-axis is defined in the drive direction of the wheel.
- The y-axis is defined in the perpendicular direction to the ground.

Thus, the x-direction ingredient of the velocity vector in the coordination
{i} is derived as the control reference value. The control reference of the wheel
i+ 1 (wiyq) is derived from equation (2) and (3).

it1,,. )
wiey = Vot i @
Hlyim =R v (3)

[|"+!vis1]l, is x ingredient of the wheel i+1 velocity vector, r is the radius
of the wheel and {*'R is the conversion matrix from the coordination {i} to
{z + 1}. Thus, when the velocity vector and rotation vector of wheel i are
defined as ‘v; and ‘o;, the control reference of wheel i + 1 is expressed as
equation (4).

iR - (vi + foi x P )|
”

All wheels have grounded, therefore we can assume that each wheel
grounds the plane as shown in Figure 2(b). When the angle between the x-
axis of coordination {i} and the one of coordination {i+1} is &, the conversion
matrix is derived as equation (5). & fulfills the equation (G).

=+ [l (4)

Wie] =
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cosa —sina 0 |

i+1R = |sine cosa 0 (5)
0 0 1
[ visll, =0 (6)

2.2 Adaptation to Our Prototype

In previous section, we discuss the general vehicle kinematics referring to the
body configuration. In this section, we adapt it to our prototype vehicle and
derive the velocity vector of each wheel. Our vehicle measures the change of
body configuration using its attitude sensors and generates the wheel control
reference with this information.

Our vehicle has two potentiometers on each passive joint and tilt sensors
which are attached on the rear part of the vehicle body as shown in Figure
3(a). We can measure the following angles using these sensors.

- The roll angle 8; and pitch angle v, from potentiometers.
- The roll angle 8> and pitch angle ¥ from tilt sensors.

Our developing vehicle has 7 wheels and all wheels has actuated. Figure
1(a) shows the definition of the wheel number (We display as wheel i: i =
1---T), the coordinates, the length of each links, and the rotate speed of each
wheel, respectively. R1 and R2 indicate the length of each links and wy, -+ + w7
are the rotation velocity of each wheel.

".('fﬁ' . A Coardination ()
Front hreey \

Potovticauter)

Cxediation §3H

* Tolt smnacn

[
(a) Side view (b) 3D view

Wor ld coot dimate ITITEM

‘I'_
T 3

Fig. 3. Coordination and parameters of our prototype

When the vehicle runs at vg in x-direction on the coordination {4}, the
velocity vector of wheel 7 on the coordination {4} is derived as equation (7)
by equation (1). The kinematic relationship among the wheels is shown in
Figure 3(b).
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v = vg 0y XU PE = (tvg 490, x ‘P) + %o x' PS¢
"n—,—,] [{'o + 0 {= Ry sind, + RacesBysingg = beosth (1 = cosy )} ( )
= {u, | = |4 {R1 cosly - Ry sindy siny + bsindy (1 - cos )} ~ 4 (R2cos) — byin yg)
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B}
W

As the same, the velocity vectors of wheel 1, 3 and 5 are derived from
equation (8), (9) and (10), respectively.

p= oy, | = 16, { R cosOz + Ry sinBasinqg - brina (1 - cos2)} + Fa (fy cos ¥ = brinya) (8)
Ju (Ra cos 0y sinyy = beos8s (1 = cosy,))

[ 451, ] {lu = 02 {Ry 5in 82 + Ra cos 82 5in 73 — beus 8 (1 — cos2))

va= Yoy | = | @ (Rycus; - Rosin G2siny2 + brinba (1 - con2)) = 52 (R2 cos gz ~ hain 7o) (9)
=2 (g com Oz kv — beos iy {1 ~ cusy2))

K [t.\. o+ Oz {~ Ry 5in s + Rac0s 03 5inya = boosfly (1 - cosae))

14,
BN

& { Ry cosBy + f125in 0y sinyy = bsin@) (1 = cos5q)} + % (Raeaxy, = bsiny) (10)

o5y vo = 8 {Rysinf + Racos@y singy - beusdy (1 - cusyy))
v, = iy | =
g, 1 (Racosfly sing, = boosy (1 = cosyp))

On the other hand, the rotation vector of each wheel is derived using the
roll and pitch angle as shown in equation (11) and (12). In equation (11), The
rotation vectors of wheel 5 and 7 are same because these wheels are connected
by same linkages. As the same, the rotation vectors of the wheel 1 and 3 are
same in equation (12).

T

4 4

05 =07 = [407m 407:; 4"7:]T = ['3’1 0 él] (11)

‘ ) T . - T
'0’1 — 10_3 = [4033. 403” 40-33] = ['yg 0 92] (12)

2.3 Derivation of Wheel Control Reference

In previous section, we derive the velocity vectors and rotation vector of each
wheel when the vehicle runs at g on the coordination {4}. However, these vec-
tors are only calculated by kinematical relationship of wheels and the velocity
vector of wheel, which passes over the step, tends to become extraordinary
because of change of body shape. If we derive the wheel control reference
by these extraordinary vectors using equation (4) simply, wheel control refer-
ences become also extraordinary and cause wheel slippage and rotation error.
In order to derive suitable wheel control references from results of previous
section, we consider the following points.

» When the vehicle passes over the step at V; in advanced direction on the
vehicle coordination as shown in Figure 1 (a), we set V; as the velocity in
x-direction on the coordination {4}.
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o All wheel velocity based on Vy referring to body configuration must be
smaller than V.

Our proposed scheme is shown in Figure 4. When the vehicle passes over
the step at Vi on the vehicle coordination as shown in Figure 1 (a), we set the
velocity in x-direction on the coordination {4} as equation (13} temporary
and we derive the velocity vectors of all wheels from equation (7)-(10).

Yoy, = Vo (13)
The coefficient ¢; of wheel i is determined by equation (14).
[ Val i r |4
e if '] > Wl 14
“ {1 if v < Vel (14

where 4v; indicates the calculated velocity vector of wheel i. i (=1,--- .7
means sub-number for identification of the wheel.

The velocity vector on the coordination {4} is determined by equation
(15). Using equation (15), all wheel velocity vectors are calculated within the
range of V5.

vit =ty (15)

where ¢ = min {¢y,---,¢7}.

Now, we derive the wheel control references from wheel velocity vector and
rotation vector derived in previous section. When we set vy as the velocity
vector v§* of x-direction, the velocity vector of wheel i on the coordination
{i} is shown in equation (16). As shown in equation (5), we assume that the
obstacle is the c-degree slope about each wheel as shown in Figure 3(a).

cosa —sine 0 Vi cosa - Yui, — sinee - oy,
iy, =iR-%v; = |sina cosa O] - |'vy | = [sine- Yy +cosa - tuyy, | (16)
0 0 1 J‘Ui: .I'Ui:

From equation (4) and (13), the control reference of wheel i is expressed
in equation (17).

cosa - vy :sina Ay +ig (17

The a-degree is defined in equation (18), because the x-axis is defined in
the drive direction of the wheel and the velocity vector is parallel to the drive
direction as equation (6).

w; =

sina - Yz +cosa -ty =0 (18)

Our vehicle controls each wheel based on this control reference using PID
based control system. s
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Fig. 4. Flow chart of the wheel control reference derivation

3 Experiments

3.1 Computer Simulation

We verify the effectiveness of our proposed control reference by computer sim-
ulations. We adapt our proposed control reference to test vehicle model and
compare the result of proposed reference with the result of fixed reference
which does not consider the body configuration. As initial conditions, simu-
lation parameters of test vehicle model are chosen from our prototype model.
The parameters are shown in Table 1.

Table 1. Parameters of prototype

Number of Linkages 2
Length of Linkage Front Part 195{mm}, Rear Part 400[mm]
Body Weight Front Part 7.8[kg], Rear Part 13.8[kg]
Wheel Diameter 132[mm)
Distance between Wheels|{Tront-Middle 255{mm], Middle-Rear 215[mm]
Friction Coeflicient Static 0.3, Dynamic 0.25
Running Speed (14) 0.25]m/sec)
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In this simulation, the vehicle passes over the step at advance direction as
shown in Figure 5. The vertical gap of step is 0.1[m].

We use the Working Model 2D as a physical simulator and MATLAB as a
controller. Working Model calculates the vehicle conditions dynamically using
Kutta-Merson integrator and outputs the sensing data for MATLAB such as
rotational velocities of each wheel and angle of free joint. MATLAB calculates
the output value of each actuator using these values with our developed PID
based controller ;i and returns the output value for Working Model. Both
applications are linked by Dynamic Data Exchange function on MS Windows.

3.2 Simulation Results

As the result of the simulation, when the prototype vehicle passes over the
0.1[m] height step, control references of each wheel are derived as shown in
Figure 6. These references are within the range of ¥p and we verify these
control references are suitable.

Figure 7 shows the slippage ratio and Figure 8 shows rotation error ratio
of the wheels during step climbing. The slippage ratio of the wheel decreases
54[%] and the rotation error ratio of the wheel decreases 55(%) by our proposed
control method as shown in Table 2. The slip ratio and the rotation error ratio
of wheel are calculated by equation (19) and (20), respectively.

rw — Uy

§=— (19)
i Wref —W o
d= "= (20)

where w is the rotation velocity of the wheel and wyey is the reference value
of wheel rotation velocity. r and v,, indicate the radius of the wheel and the
vehicle speed, respectively. '
From these results, our proposed method reduces the slippage and the ro-
tation error of the wheels. Therefore, our proposed control method is effective
for increasing the mobile performance of the vehicle during step-climbing.

3.3 Experiments .

Here, we verify the mobile performance of proposed wheel control method by
the experiments using our prototype. In this experiment, the vehicle passes
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Fig. 6. Wheel control reference during step-climbing

Table 2. Slippage and rotation error ratio of wheel [%)]

Method |Front Wheel|Middle Wheel|Rear Wheel|Average
Slippage  |Standard 31.3 30.3 29.6 30.3
Ratio Proposed 13.1 14.3 14.2 13.9
Rotation Error|Standard 16.5 16.3 16.6 16.5
Ratio Proposed 7.4 7.2 7.9 7.5
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Fig. 7. Wheel slippage ratio

over the step in advance direction and we verify the height of the step which
the vehicle can climb up. Experimental conditions are same as the prototype
vehicle parameters shown in Table 1. We compare the results by our proposed
method with the result utilizing standard PID controller, which doesn’t con-
sider the body configuration.

As the result of the experiment, the vehicle can pass over the 0.152[m]
height step with our proposed wheel control method as shown in Figure 9.
With standard method, the vehicle can pass over the only 0.072[m] height
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and its step-overcoming performance is improved. As the results, our vehicle
realizes 152[mm)] height step-climbing performance with wheel of 132[mm] di-
ameter. Its performance is useful for omni-directional wheeled vehicle. Qur
proposed wheel control method can utilize for the vehicle which has passive
suspension mechanism.
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