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ABSTRACT

Offroad mobility in extraterrestrial exploration can be
significantly degraded by vehicle slippage on soft terrain covered
with fine powdery sand known as regolith. Comprehensive design
analysis and verification of the rover’s mobility have been widely
investigated using numerical and experimental approaches.
Numerical simulations for the mobility analysis require accurate
modeling of the contact forces between the wheel and sand. While
several wheel-sand interaction models have been proposed based
on the Bekker-Wong-Reece theory, the Dynamic Resistive Force
Theory (DRFT) proposed in the early 2020s is a notable approach
for its low computational cost and adaptability to quasi-dynamic
motion. The scaling factor used in DRFT is the only parameter for
representing sand-dependent parameters, and its value needs to
be empirically tuned to achieve accurate and reliable mobility
analysis. Therefore, the authors have integrated a single-wheel
test bed into a closed-loop Hardware-In-the-Loop Simulation
(HILS) associated with DRFT. This HILS-DRFT experimentally
observes the characteristics of the wheel sinking phenomenon in
the wheel test bed, and then, the value of the scaling factor is tuned
in real-time by the difference between the observed wheel sinkage
and the DRFT simulation. This real-time parameter tuning method
accurately reproduces wheel mobility, particularly in its transient
states, which were previously unachievable with DRFT alone. The
proposed HILS-DRFT with the real-time tuning method will
contribute to the efficient and reliable development of rovers.
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1. Introduction

Extraterrestrial exploration missions hold immense scientific
significance in unraveling the processes involved in the evolution
of the solar system. Furthermore, the valuable data obtained
through the exploration plays a crucial role in establishing bases
for expanding domain of human activities. The use of rovers
capable of freely traversing the planetary surface enables the
collection of more detailed sample data. However, the terrain
surface is composed of a soft terrain covered with fine powdery
sand known as regolith that often degrade the rover mobility
performance due to slippage. Therefore, it is necessary to
thoroughly test the rover's traversal performance before sending
to other planets.

Comprehensive design analysis and verification of the rover’s
mobility have been widely investigated using both experimental
and numerical approaches. Notably, numerical methods using
semiempirical terramechanics model have long been researched
for their potential to reduce the cost of empirical validation. The
Bekker-Wong-Reece theory (Bekker, 1956,1960, 1969; Wong,
2008; Wong and Reece, 1967) forms the foundation upon which
various wheel-sand interaction models have been developed.
However, these models face challenges such as the necessity to
consider for numerous sand parameters, their inability to
accommodate complex wheel shapes and high-speed motion. In
response to these challenges, the Dynamic Resistive Force Theory
(DRFT) (Agarwal et al, 2021) was proposed by applying the
Resistive Force Theory (RFT) (Li et al, 2013) which divides the
wheel's surface into minute plates. The RFT uses the only one sand
parameter called scaling factor. The RFT is advantageous as it can
be applied to wheels with complex shapes and in wide range of
speed. However, this method cannot accurately simulate transient
states because the dynamic change of wheel-sand interaction
mechanics varies the sand stiffness or the value of the scaling
factor.

Therefore, we have integrated a single-wheel test bed into a
closed-loop Hardware-In-the-Loop Simulation (HILS) associated
with DRFT (Ishikawa et al., 2022). This HILS-DRFT experimentally
observes the characteristics of the wheel sinking phenomenon in
the wheel test bed, and then, the value of the scaling factor is tuned
in real-time based on the difference between the observed wheel
sinkage and the DRFT simulation. In this paper, we show the
concept of this HILS-DRFT proposed by Ishikawa and demonstrate
the validity through comparative experiments on sandy terrain.

2. Overview of HILS-DRFT

2.1. Overview of HILS

Figure 1 shows the general framework of the HILS. Compared
to a full software simulation for a target system, the HILS replaces
part of the numerical model with an actual experiment using a
hardware testbed. The hardware testbed of the HILS measures a
real phenomenon of the part of the system in a hardware
environment. Subsequently, in a software environment, the
numerical model calculates the system's response based on the
measured values. The HILS continuously loops these experimental
measurements and numerical calculations as the temporal
behavior of the system progresses. The HILS is particularly useful
in cases where the actual phenomenon of a target system is
difficult to measure or where an accurate numerical model is
barely available.
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Numerical Model Output from Numerical Model
Output from Hardware

Fig. 1. Simplified flowchart of HILS

2.2. Overview of DRFT

2.2.1. Basics of RFT
The RFT is a modeling technique that divides the surface of an
object into small plates, as illustrated in Fig. 2.

Surface (z = 0)

Fig. 2. Definitions of plate element’s variables

Here, dS is the contact surface of each plate, |z| is the depth from
the sand surface, £ is the attack angle, and y is the intrusion angle.
Both 8 and y range from —m/2 to /2, with their starting points
and positive directions indicated by the arrows in Fig. 2. Under this
definition, the contact force per unit area a(B,v,|z|) that each
plate receives from the sand is expressed as follows:

a(B,v,1z]) = {aseeric(B,y)|z| M

Here, { is a dimensionless sand parameter called the scaling factor,
determined by properties such as grain shape and packing density
of the sand, and a8"®T°(B,y) is a function experimentally
identified (Li., et al 2013). With this (B, y, |z]) and dS, the contact
force dF acting on each plate can be calculated as follows:

dF = a(B,v,|z|)dS ()

Finally, by summing up the contact force dF acting on each plate
over the contact surface S, the total contact force F acting on the
entire object can be calculated as follows:

F= j dF = j (B,y, |2)ds = j gageneric(p 1) |ds 3)

2.2.2. DRFT for modeling wheel-sand interaction

It has been pointed out that contact force calculated from the
original RFT deviates from actual results when applied to
modeling wheel - sand interaction. To address this issue, (Agarwal
etal, 2021) proposed DRFT that considers the following factors:

1.  The momentum flux of the granular media.
2. The height decrease behind the wheel.

The momentum flux of the granular media is considered by adding
—Apv? to the RHS of Eq. 1 where 1, p and v, respectively
represent the fitting coefficient, the bulk density of the granular
media and the normal component of the plate’s velocity v .
Introducing the outward unit normal n to each plate surface, v, is
represented by n - v. The height decrease occurs behind the wheel
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is considered by substituting |z| in the RHS of Eq. 1 with the
effective depth |Z|, defined as follows:

. |z| — 8h (for platesin 6,.)
1Z] = ) (€)]
|z| (for plates in 6;)

Tw?
on=r("5) ©
Here, §h is the height decrease behind the wheel, r is the wheel
radius, w is the angular velocity of the wheel, and g is the

gravitational acceleration. Additionally, as illustrated in Fig. 3, 6,
and O;represent the angles that bisect the contact surface S..

Wheel
(Wheel radius =r)

v
Effective Depthiz]

Fig. 3. Modeling of the wheel - sand interaction according to DRFT

Considering these two, the net force Fpgrpt is given as follows:
Fpger = f((“generic(ﬁ, Y)lz| — lpv,zln)dS (6)
s

2.3. Hardware test bed of HILS-DRFT

The single-wheel test bed illustrated in Fig. 4 served as the
hardware test bed. This apparatus, measuring 3500 mm in total
length (2500 mm travelable length) and 600 mm in width, features
horizontal, vertical, and rotational axes for the wheel. The
horizontal axis includes a linear motion mechanism consisting of a
motor, ball screw, and linear guide. The vertical axis comprises a
passive-sliding mechanism with a linear guide, while the wheel's
rotational axis incorporates a motor and a gearhead. The wheel,
along with the moving frame, can travel both horizontally and
vertically. The moving frame connects to the ball screw via a ball
screw nut, allowing for the recreation of various wheel slipping
conditions. Additionally, by disengaging the ball screw nut, it is
possible to observe the travel controlled solely by the wheel's
rotation. Magnetic scales attached to the linear guides in both
directions measure displacement from the initial position
horizontally and vertically. The apparatus uses Toyoura standard
sand (average grain size 0.11 mm), ensuring high reproducibility
due to its uniform grain size and shape.

—

Linear guide
(Translational)

Ball screw

A Ball screw nut

Linear guide i
(Vertical)
Wheel motor
(Inside)

Fig. 4 Overview of single-wheel test bed
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2.4. Framework of HILS-DRFT

Figure 5illustrates the HILS-DRFT framework. This framework
is almost identical to our previous works (Ishikawa et al.,, 2022),
except the current framework omits the force measurements. In
general, the scaling factor representing terrain stiffness is treated
as a constant during numerical simulations; however, the HILS-
DRFT framework assumes that it is dynamically varied. Here, Xy,
Vi, and Fy,, are vectors with components in the horizontal x and
vertical z directions, representing the position vector of the
wheel's center of mass, the velocity vector, and the contact force
exerted by the sand on the wheel, respectively. The initial
conditions required at the start of the simulation include the
wheel's static sinkage Hg,tic, the initial value of the scaling factor
¢(0), the wheel's initial position x,,(0), and the wheel's initial
velocity v.,(0) . Only the angular velocity w is controlled
externally. Notably, the wheel operates simultaneously in both the
computer environment and the wheel test bed. In this setup, only
the wheel’s angular velocity w and the horizontal component of
the translational velocity vy, , are sequentially provided to the
single-wheel test bed, with no direct involvement in the vertical
motion. This enables real-time tuning of the scaling factor {(t)
based on the difference between the dynamic sinkage values Hg;,,
and H .., obtained from each environment.

Tnitial Conditions: Hgtatic, ¢ (0), Xyheel (0, Viyheel (0)

------- Start RaHILS

[“~ Xwheel Ywheel

Wheel controller: w(t) '— o =

== Computer environment

¢ Xwheel Vwheel ©

I Dynamic resistive force theory for tuned wheel I
1

F,
wheel Vx,wheel @

I Forward dynamics of tuned wheel: Xty (t), iy (t) I' ----------
1

Hsim | Wheel test bed I

I Tuning method of scaling factor: {(t) (Eq. 7) I‘— Hyeal
T

Fig. 5. Framework of HILS-DRFT

Specifically, tuning method of scaling factor in Fig. 5 follows the
equation outlined below:

((t) + A{ (Hreal - Hsim < _6)
((f) - A{ (Hreal - Hsim > 6) (7)
{(t) (l(Hreal - Hsim)l < 6)

Here, A represents the incremental change in the scaling factor
per tuning, and € represents the allowable error. By appropriately
setting these values, stable and precise behavior analysis becomes
possible. In this study, Al was setto 0.001 and € was setto 0.1 mm.

{(t+1)=

3. Experiment

3.1. Experimental setup

As previously mentioned, the single-wheel test bed can be
operated in a state where the horizontal moving frame is
disconnected from the ball screw, allowing the wheel to move
solely through its own rotation. This type of single-wheel driving
experiment is referred as Experiment driving or ground truth data.
In contrast, a single-wheel driving experiment using the HILS-
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DRFT framework will be referred as HILS-DRFT driving.
Additionally, as shown in Fig. 5, two different trajectories of wheels
can be observed in HILS-DRFT: one from the numerical model in a
computer environment and the other from the real single-wheel
testbed. We refer to the former as HILS-DRFT (sim) and the latter
as HILS-DRFT (real).

To ensure accurate comparisons, unified conditions are
presented in Tables 1 and 2. Here, we differentiate between the
horizontal and vertical masses, denoted as m,and m, ,
respectively. This distinction is necessary because the horizontal
moving frame in the single-wheel test bed does not influence
vertical motion. Properly setting these parameters is essential to
ensure the accuracy of the forward dynamics solved in the
computer environment. The initial conditions used for the HILS-
DRFT framework are shown in Table 3, and they were configured
based on the observed initial conditions from the Experiment
driving.

Height of grousers: /,
Grousers: N :f °

—

w
Thickness of grousers: ¢
f

/Wldth of the wheel: b

Radius of the wheel: »

Fig. 6. Illustration of the wheel with grousers

Table 1
Typical unified parameters between HILS-DRFT and experiment

Parameters Values
Radius of wheel r [m] 0.150
Width of the wheel b [m] 0.120
Number of grousers N [-] 12
Height of grousers h; [m] 0.018
Thickness of the grousers t; [m] 0.009
Horizontal mass m, [kg] 13.902
Vertical mass m, [kg] 18.837

Angular velocity profile of the wheel control

(Shown in Table 2)

Table 2
Angular velocity profile of the wheel control

Wheel state

Time [s] w [deg/s]
0—2 Stand by 0
27 Constant acceleration rotation 0—30
717 Constant rotational speed 30
17 —> 22 Constant deceleration rotation 30—0
22 — 24 Stand still 0
Table 3

Initial conditions used for HILS-DRFT

Variables Values
Static sinkage Hgatic [M] 0.0176
Initial scaling factor (0) [-] 0.7823
Initial position Xy, (0) [m] (0.0, —Hgtatic)
Initial velocity v,,,(0) [m/s] (0.0,0.0)
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3.2. Validation of tuning method in HILS-DRFT

The single-wheel experiment result verifies how the real-time
tuning of the scaling factor appropriately works. One typical result
of the HILS-DRFT is shown in Fig. 7. The vertical axis represents
the wheel's displacement in the wheel vertical direction Az, and
the horizontal axis represents time t. Qualitatively, the sinkage of
HILS-DRFT (sim) matches the sinkage of HILS-DRFT (real).
Additionally, the same experiment was executed ten times, and the
root mean square error (RMSE) of Az was less than 1 mm in all
cases, which is remarkably small to the wheel radius. Also, the plot
shows oscillations. To investigate the cause of these oscillations,
we conducted an FFT analysis on the time variation of the
settlement during Constant rotational speed running, and the
result showed a peak at about 1.68 Hz. Considering that the wheel
has 12 grousers and a rotational angular velocity of 30 degrees per
second, this frequency characteristic is consistent with the
influence of the wheel grousers, which is also observed in
Experiment driving. These findings indicate that the oscillations
are not due to the discreteness of the parameter tuning method
proposed in this paper but rather the periodicity of the wheel
grousers. Thus, the real-time tuning of the scaling factor functions
appropriately.

Observing the changes in the scaling factor, we can see that it
decreases from the beginning to the end of the wheel's rotation. As
mentioned earlier, the scaling factor represents the terrain
stiffness, so this indicates that the sand around the wheel becomes
looser compared to its static state. This loosening is likely caused
by the wheel's rotation, which excavates the sand. This result also
implies that the value of the scaling factor is not constant and that
should be tuned for static/dynamic states accordingly.

0.002 3 3 3 T 0.9
! i [—HILS-DRFT (sim)
3 ! | —HILS-DRFT (real)|| ( g
0 Scaling factor '

£ g b H07
qN -0.002 :
g o\ s 106
§-0004r i ‘ hd
£ : BT ; S R
g \ AN : s &
E_-O 006 I 30 \ ' 10.4 e
z /' m —— " £
< : / : s
T
S :
i’ 001 R = i

n L B

-0.012 23 s 3 £5
< \ Hs \ \ o \ Ko 0
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Fig. 7. Result of HILS-DRFT focused on real time tuning method

3.3. Compare the result of HILS-DRFT and DRFT

This subsection evaluates the accuracy of HILS-DRFT driving in
replicating Experiment driving. Ten runs were conducted for both
Experiment and HILS-DRFT driving. Figure 8 illustrates the wheel
trajectories for Experiment driving, HILS-DRFT driving, and
original DRFT for comparison. For HILS-DRFT driving, two sets of
results are available: HILS-DRFT (sim) and HILS-DRFT (real).
However, only the HILS-DRFT (sim) results are presented here.
Each plot shows the mean values of the ten runs with solid lines,
and the standard deviations are indicated with light shading. The
vertical axis represents the wheel's vertical displacement, Az, and
the horizontal axis represents the wheel's horizontal displacement,
Ax. The results indicate that HILS-DRFT can simulate transient
states more accurately than DRFT. Additionally, when comparing
the RMSE of the average trajectory between Experiment driving

ISTVS2024

and both HILS-DRFT driving and original DRFT, the values are 5.0
mm and 8.4mm, respectively. Therefore, HILS-DRFT demonstrates
superior accuracy over DRFT not only in transient states but also
in other conditions.

Experiment f

0 — HILS-DRFT {sim)
—DRFT

Vertical displacement Az [m]

-12 L L L L L L
0 0.2 0.4 0.6 0.8 1 1.2

Horizontal displacement Ax [m]

Fig. 8. Wheel trajectories of experiment, HILS-DRFT and original DRFT

However, a small error remains. By tuning the coefficients of the
damping terms added to the forward dynamics for stabilizing HILS,
more stable calculations and reduced errors can be achieved.

4. Conclusions and future work

This study evaluated the HILS-DRFT framework's
effectiveness. The framework employs a real-time tuning method
for sand parameters based on sinkage observed in a single-wheel
test bed. During verification, results from the original DRFT and
HILS-DRFT were compared with actual driving results. The
comparison demonstrated that HILS-DRFT behavior closely
matched actual wheel performance, surpassing the original DRFT.
It was also notably accurate in simulating the transient state.

The tuning of the scaling factor does not merely involve fitting
arbitrary parameters to align experiments with simulations.
Instead, it sequentially identifies terrain stiffness caused by sand
flow, compaction, and compression due to the wheel's movement.
This method is applicable to analyzing vehicles with multiple
wheels. Future research should extend the HILS-DRFT framework
to analyze rovers' actual driving behavior, achieving more precise
results.
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