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Abstract

Modeling of complex robots which consist of mechani-
cal and electric elements has attracted a lot of attention to
be utilized for analysis, simulation and development. In
this paper, we model the space exploration robot which
has leg-wheel mechanisms using Modelica, which is an
equation based language and convenient to cope with a
complex physical system. In addition, to evaluate the
performance of planetary exploration robots, we conduct
simulations considering the space environment using the
fundamental control system and the robot model. The
simulation results indicate that considering load shift due
to centrifugal force is important under low gravitational
acceleration. Keywords: leg-wheel mobile robots, mod-
eling, space robots, control system

1 Introduction

Leg-wheel mobile robots dipicted in Figure 1 attract a lot
of attention and are widely developed, because the robots
achieve high stability utilizing leg mechanism and high
mobility using wheel mechanism. Leg-wheel hybrid
platform Quattroped, which has two degree-of-freedom
legs, is developed (Shen et al., 2009). In order to climb
up onto the steps, the control method for limb mech-
anism robot ASTERISK is studied (Fujii et al., 2006).
The action planning algorithm for a planetary explorer
robot LEON is proposed (Rohmer et al., 2010). Since
these robots can move on uneven terrain, it is expected
to work in planetary exploration. However, conducting

Figure 1. Leg-wheel mobile robots.

experiments in space environment require too much cost
and time. Therefore, simulating the robot behavior in
space environment appears as a practical choice.

Equation based language Modelica is very efficacious
to model complex systems which have mechanical and
electrical elements. Several studies have reported the
modeling and simulation results of several industrial ap-
plications using Modelica (Otter et al., 2015)(Hirano
et al., 2015). In this paper, we model and simulate the
behavior of a leg-wheel mobile robot modeled using geo-
metric parameters of ATHLETE which has the leg-wheel
mechanism developed by NASA (Wilcox et al., 2007) in
the space environment using Modelica.

2 Modeling leg-wheel mobile robot

2.1 Outline

Table 1 shows the characteristics of the leg and the wheel
mechanism. The moving speed and efficiency of the
wheel mechanisms is higher than that of the leg mecha-
nisms. The robots equipped with the leg mechanisms can
move on uneven terrain. Moreover, the leg robots which
have the redundancy in leg arrangement can control the
wheel position to avoid overturn. The leg-wheel mo-
bile robots possess both characteristics which enhance
the robot mobility. In this paper, we focus on the ATH-
LETE as a typical example of leg-wheel mobile robot.

The ATHLETE is a lunar exploration robot developed
by NASA. The leg-wheel mechanisms with six degree-
of-freedom consisting of the wheel mechanism and the
six joints are mounted on each vertex of the hexagonal
body. The ATHLETE is able to allocate loads and move
on uneven terrain while maintaining the body horizon-
tally. These leg-wheel mechanisms are utilized in order
to accommodate a wide range of tasks.

Table 1. Characteristics of leg-wheel mobile robots

Leg | Wheel | leg-wheel
Climbing steps | Good | NG Good
Load sharing | Good | NG Good
Moving speed | OK | Good Good
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Figure 2. Top-end of Modelica model in Dymola.

Figure 3. Leg-wheel mobile robot model.

2.2 Modeling

We model the leg-wheel robot which consists of body
and limb-parts using Modelica in order to simulate the
behavior of the wheel mechanism and analyze the mo-
bility of ATHLETE. The ATHLETE model described by
Modelica is shown in Figure 2 and 3. The robot model is
designed as a rigid hexagonal body (orange frame) and
links (green frame), as Figure 2 indicates. The body mass
point which is the gravity center of the hexagon is set as
the origin of the robot coordinate system (black arrows
in Figure 3). A leg-wheel mechanism part consists of six
revolute joints, seven links and the wheel mechanism.
The limb mass points are set on the center of the wheel
and the middle of each link. The tire model of Vehicle
Dynamics Library (VDL) of Dymola is introduced to re-
produce the actual wheel behavior.

3 Structure of the controller

3.1 Outline

As Figure 4 indicates, the controller consists of three lay-
ers: path planning layer, guidance control layer, and mo-
tion control layer. In this paper, the fundamental control
system is proposed to achieve the reference vehicle ve-
locity in the motion control layer. The motion control

Path planning

¥

Guidance control

Motion control

Steering angle
Wheels angular velocity

Limbs joint angle

Wheels torque Limbs joint torque

ATHLETE model

Figure 4. Control system flow.

layer consists of two parts. First one is the control sys-
tem for driving and steering of each wheel. Another part
determines the posture of the robot. Details of each block
are explained in the following sections.

3.2 Motion controller

In this section, we explain the leg-wheel mobile robot
model and a calculation method of the controller. Fig-
ure 5 depicts the model of the leg-wheel robot. Xp Yp
is the inertial coordinate system and x y is the coordi-
nate system fixed to the robot. (Xj,Yp) is the position of
the robot center of gravity (CoG) on the Xy ¥, coordi-
nate system and ¢ is the orientation of the robot. uy, uy
are the command translational velocity at CoG and uy
is the command angular velocity on the x y coordinate
system.

Figure 6 shows the configuration of the leg-wheel
mechanism of the ATHLETE and the definition of the
angle and torque of the leg joints. ; j are the rotation an-
gle of each joint where subscripti=1 6 indicates the
legs number and j =1 6 indicates joint names of Hip
Yaw, Hip Pitch, Knee Pitch, Knee Roll, Ankle Pitch, and
Ankle Roll, respectively. In this paper, the Ankle Roll
angle ;¢ is controlled considering moving direction and
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Figure 6. Configuration of limb joints of ATHLETE.

the other angles 6; | eee6; 5 are controlled to maintain the
reference posture.

Figure 7 shows the wheel and the Ankle Roll angle
corresponding to the steering angle. 6; ¢ is the angle from
the CoG position to the wheel.

The translational velocities of the wheel vy ; and vy;
are calculated based on the command velocity at CoG
uy, ity and uy as follows:

ey
2

Vxi = Uy

Yilly,
Vyi = Uy +Xjlgp.

Reference angle éj?(} and angular velocity of wheel @y,
are calculated as follows:

6i¢ = tan ](m) 6;0, ©)
Vi

@i = Vi/Ry, @

Vi = Vx,jCOSéf?f,‘FVy,iSinéiﬁs ®)

where R,, is a radius of the wheel and V; is translational
angular velocity. In order to achieve the reference angle

Figure 7. Velocity vector of wheel.

é;,j and angular velocity @y, we introduce the PD and P
control as follows:

(6)
(M

Tij=Pn(0ij 6ij)+Ka(6; 6:)),
Twi = Pw(é)wi mwt')a

where B, and B, are a proportional gain and Kj; is a
derivative gain.

Zero moment point (ZMP) is a one of concept which is
an index of stability. When the ZMP position of the robot
is kept inside the support polygon, the stability of the
robot body is assured. We introduce the turning limit ra-
dius rmax considering rolling moment and ZMP position
in order to evaluate the relationship between the height
of CoG and centrifugal force. If the ZMP position co-
incides with the tip of the wheel position, the situation
of the robot is regarded as a limitation of overturn. In
this situation, the turning limit radius rmax is calculated
as follows:

uxzzc
Fmax = 7’

8)

where z. is the height of the robot CoG, I = \/x;2 + y;? is
the length from CoG position to the wheel position and
g is gravitational acceleration.

4 Simulation

4.1 Conditions

To analyze robot behavior in the space environment, we
conduct three simulations with the following conditions:

~ Case | : Turning under the lunar gravity with the
height of CoG high (Zcog=1.45 m)

~ Case 2: Turning under the lunar gravity with the
height of CoG low (Zcoc=0.866 m)
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~ Case 3: Turning under the earth gravity with the
height of CoG high (Zcog=1.45m)

Comparing case 1 with 2, we analyze the effect of height
of CoG zcog. The ATHLETE is able to change the height
of CoG zcoc by taking advantage of the redundancy of
the leg joints. In these simulations, the height of CoG is
changed so that the posture of the ATHLETE is main-
tained. Comparing case | with 3, we analyze the in-
fluence of the gravitational acceleration while turning.
Physical parameters of the ATHLETE are determined
based on the reference thesis (Wilcox et al., 2007). Com-
manded velocities are ity = 2.5m/s, it, = 0.0 m/s, and

\/#2+u2/R. The turning radius R is designed
to change smoothly using third-order polynomial from
R=1000m to R=2.5min 30s. These commanded ve-
locities generate a spiral trajectory that the turning radius
is gradually decreased.

iy =

4.2 Results and Discussion

Figure 8, 9, and 10 show simulation results of case 1, 2
and 3, respectively. Figure 8 (a) and 9 (a) depict the tra-
jectory of the robot, (b) depict the translational and ro-
tational velocity, (c) depict body sideslip angle and (d)
depict a vertical load of each wheel F;. Figure 10 (a) de-
picts translational and rotational velocity and (b) depicts
a vertical load of each wheel F;.

As shown in Figure 8 (a), when the height of CoG is
high, the robot can turn without overturn, however, the
robot velocity has the error between commanded and ac-
tual velocity, as Figure 8 indicates. It is reasonable that
the sideslip angle is generated, as Figure 8 (c) indicates.
Since the velocity uy is caused by centrifugal forces, the
body sideslip angle arises. Figure 8 (d) indicates that the
vertical load is distributed to each wheel ununiformly.
Among them, limb 5 supports 70 % of the total load.
The vertical load of limb 1 and 4 are equal to zero. It
indicates that the robot is running using only four limbs.
As shown in Figure 9 (a), when the height of CoG is
lower than in case 1, the robot also can turn successfully.
Figure 9 (b)(c) indicate that the tendency of velocity and
body sideslip angle are similar to case 1. It is noteworthy
that the load shift due to centrifugal force is suppressed,
as Figure 9 (d) indicates. The reason is reducing the ef-
fect of rolling moment caused by the centrifugal forces.
As shown in Figure 10 (a)(b), when gravitational acceler-
ation is smaller than in case 1 and 2, the velocities are re-
alized by the command velocity ; the robot does not gen-
erate the sideslip angle. In case 3, the influence of rolling
moment generated by the centrifugal forces is smaller
than case | and 2. It is because the gravitational acceler-
ation works to suppress the roll rotational movement.

To evaluate these simulation results, we discuss the
limit turning radius rmax. At the turning radius of rma =
3.03 m, the robot will fall down due to centrifugal force
in the case 1. The robot is not overturn but some wheels

are floating at the target turning radius of R = 2.5m
which is smaller than the limit turning radius rpgx in
case 1. On the other hand, when the target turning ra-
dius is modified to R = 3.1 m in case 1, all wheels contact
with the load surface. There is little error between the
limit and target turning radius within 0.1 m in this case,
even though Eq. (8) assumes simplified model. Thus, we
obtain the adequate simulation results. We can use the
relationship of balance of moment for the control. It is
expected that the turning ability in case 2 and 3 is better
than that of case 1 by Eq. (8), because the limit turning
radius decreases as gravitational acceleration increases
and the height of CoG decreases. Accordingly, the simu-
lation results indicate that the ZMP position close to the
CoG position (Xg,Y;) by suppressing the load shift of the
robot.

The robot tends to generate skid in lunar space where
the effects of gravitational acceleration are smaller than
that of the earth. These results indicate that in order to
achieve high mobility under the lunar environment, con-
sidering the sideslip angle and load shift is important,
because the robot tends to overturn under low gravita-
tional acceleration. To suppress load shift by centrifugal
forces, leg-wheel mobile robots can lower the height of
CoG using the leg mechanism. In addition, arranging the
wheel position, the leg-wheel mobile robots can achieve
high mobility utilizing the redundancy of the leg mecha-
nism.

5 Conclusions

In this paper, we model the leg-wheel mobile robots
which have the leg-wheel mechanism using Modelica
and conduct the simulation considering the lunar envi-
ronment. The simulation results indicate that the robots
tend to generate the vehicle sideslip which is the cause
for load shift and overturn because of low gravity accel-
eration. Therefore, the motion controller, which consid-
ers vehicle slippage, is required to achieve high mobility.

The future directions of this study are designing guid-
ance controller, modeling motor dynamics, and consider-
ing a terramechanics which express the effects between
wheel and sand called regolith.
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Figure 8. Case 1 -High Center of gravity with the lunar gravitational acceleration- (R=2.5, zcog=1.43, g=1.65)
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Figure 10. Case 3 -High Center of gravity with the earth gravitational acceleration- (R=2.5, Zc,g=1.45, g=9.81)
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