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Terrain Response Estimation Using an Instrumented
Rocker-Bogie Mobility System

Timothy Setterfield, Alex Ellery

Abstract—This paper presents a procedure to model the draw-
bar pull and resistive torque of an unknown terrain as a function
of normal load and slip using on-board rover instruments. Kapvik,
a planetary micro-rover prototype with a rocker-bogie mobility
system, is simulated in two dimensions. A suite of sensors is
used to take relevant measurements; in addition to typical rover
measurements, forces above the wheel hubs and rover forward
velocity are sensed. An estimator determines the drawbar pull,
resistive torque, normal load and slip of the rover. The collected
data is used to create a polynomial fit model which closely
resembles the real terrain response.

Index Terms—Terrain response, rocker-bogie, terramechanics,
drawbar pull, resistive torque, rover mobility, Kapvik.

I. INTRODUCTION

N order to analyze the trafficability of upcoming terrain

or optimize the performance of a planetary rover using
traction control it is necessary to know the terrain response.
An assessment of the upcoming terrain using forward looking
range data coupled with a model of the terrain response
allows an assessment of whether the upcoming terrain can be
traversed. Optimal control of a rover for trafficability or for
power consumption, achieved through the favourable distribu-
tion of forces amongst the rover wheels [1], [2], also depends
on knowledge of the terrain response. For wheels driving
in deformable terrain, there is no proportional relationship
between applied wheel torque and the force delivered by the
terrain. Additionally, the force and moment delivered by the
terrain is sensitive to normal load and slip in a nonlinear
manner.

Most planetary rovers use relatively rigid metal wheels and
drive in deformable sand-like terrain. Terramechanics equa-
tions for analyzing this scenario were developed by J.Y. Wong
and A.R. Reece in the late 1960’s [3]. These equations require
many soil properties, most of which must be found empirically.
Measuring these properties requires several instruments that
are unlikely to be included on planetary exploration missions
because of their mass and relatively low utility. As a result,
researchers have sought methods to estimate soil properties
during regular rover operation.

One such method for estimating two important soil prop-
erties (cohesion and internal friction angle) was presented by
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Tagnemma et al. [4] using a simplified stress distribution and
the assumption that wheel sinkage can be measured. Since
there are several other soil properties involved in Wong’s
terramechanics equations, re-creating the terrain response rela-
tionships from these properties alone requires that representa-
tive values be chosen for the remainder of the soil properties.

High-fidelity dynamic simulations of an articulated plane-
tary rover were conducted by Ding et al. using Lagrangian
mechanics and Wong’s terramechanics equations [5]. In these
simulations the wheeled mobile robot was treated as an
articulated multibody system with a moving base. Wong’s
terramechanics equations were used to solve for the moments
and forces exerted on the wheels.

Ray et al. were able to re-create the terrain response of a
four wheeled mobile robot using an Extended Kalman-Bucy
Filter and a fifth unpowered wheel to measure velocity [6].

The rocker-bogie planetary rover mobility system has been
used on the Sojourner Rover, the Mars Exploration Rovers [7],
and the Curiosity Rover; it also comprises the mobility system
of Kapvik, a 30 kg micro-rover prototype developed for the
Canadian Space Agency (Figure 1). The left and right sides of
the rover body are connected to two rocker links via a rotary
joint. An internal differential ensures that the rocker joint
angles are equal and opposite with respect to the body. The
front wheel is attached to the front end of the rocker; another
link, termed the bogie, is attached to the rear end of the rocker
via a free rotary joint. Two rear wheels are attached to either
end of the bogie. The mobility system thus has three wheels
per side. Above each wheel is a single-axis force-sensing load
cell, added to aid in the estimation of terrain response. A
linear bearing protects the load cell from off-axis loading.
The rover’s mobility system was designed, manufactured, and
assembled at Carleton University in parallel with the research
presented in this paper. The major dimensions of Kapvik are
shown in Table L.

Wheel Dimension Value | Units
Wheelbase [, 700 mm
Total Length 850 mm
Total Width 782 mm
Height (without arm) | 350 mm
Wheel radius 7, 75 mm
Wheel width b, 70 mm

TABLE I: Kapvik major dimensions.

The objective of the research presented herein is to de-
velop a procedure for estimating the terrain response of a
homogeneous soil using only the on-board instruments of
Kapvik or a similar rover. Instead of obtaining soil properties
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Fig. 1: A three dimensional rendering of the Kapvik micro-
rover’s rocker-bogie mobility system and the load cell assem-
bly used for single-axis force sensing.

and using them to calculate the net traction relationships,
this research focuses on directly estimating the net traction
relationships. The method presented herein does not require
representative values of soil properties to be chosen. The major
net traction relationships are simplified into two-dimensional
polynomial equations. Although this fails to directly capture
information about the soil properties, it allows the full terrain
response models to be recaptured from estimated data points
via polynomial fitting. This paper presents: the simplification
of terramechanics relationships into polynomial equations;
the multibody dynamic simulation of the Kapvik micro-rover
in two dimensions; and the development of an estimator
capable of determining the terrain response using only on-
board sensors. Although this procedure is presented in the
context of a rover with a rocker-bogie mobility system, this
should not be considered restrictive: the same techniques could
be used with other wheeled rovers.

II. TERRAMECHANICS EQUATIONS

Interaction between a wheel and the soil beneath it produces
a distribution of normal stresses o and shear stresses 7,. The
two net effects of this are a moment, termed resistive torque
TR, and a net forward force, termed drawbar pull DP. These
effects are obtained by integrating the stresses around the
wheel rim [3]. Wong’s terramechanics equations for a rigid
wheel driving on deformable terrain are used in this paper.

A. Wong’s Equations

When a wheel’s forward velocity v,, is less than the product
of wheel radius and angular velocity r,,w, the non-dimensional
term slip ¢ is used to describe the degree to which the wheel
is slipping. When a wheel’s forward velocity v,, is greater
than the product of wheel radius and angular velocity r,,w the
non-dimensional term skid ¢ is used to describe the degree to
which the wheel is skidding. The variable ¢ is positive when
the wheel is slipping and negative when the wheel is skidding

[8]-[11].
U

i=1-
TwW
. TwW
i=
UV

when |r,w| > |vy] (slipy (1)

when |ryw| < vyl (skid) (2)

The relationships below are all developed for a wheel in
slip, where ¢ > 0. The case for skidding is handled in the next
section.

Soil flow under a wheel was empirically found by Wong
to form forward and rearward flow zones, with the maximum
normal stress occurring at the transition point between the two
(at an angle of 6, between =0 and 6 =0, in Figure 2). The
location of 6, is given by the following relationship [3]:

O = 00 (c1 + c2i) 3)

where 6y is the total wheel-soil contact angle, and ¢; and ¢
are empirically determined constants.

The normal stress under the wheel follows a different
relationship in the forward and rearward flow zones [3].

o = (k1 + kaby) Z—w (cos @ — cos 00)} .
when 6, <0 g 0o (forward region) 4)
[ 7w 0 Tt
o = (k1 + koby) b (cos [90 0 (6o — Qm)} — cos 00)}

when 0<#6 <6, (rearward region) 5)

where k; and ko are pressure-sinkage constants, b, is the
width of the wheel, and ns is the soil deformation exponent.
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Fig. 2: Wheel coordinates, stresses and dynamics.

The shear stress 7, at a point on the wheel rim is dependent
on soil properties, the normal stress o at that point, and the
shear displacement [3]. The shear displacement of the soil for
a wheel in steady-state is a function of the slip .

7o = (c + o tan ¢) (1 _ e%[(90—0)—(1—i)(sin90—sin0)]) (6)

where c is soil cohesion, ¢ is internal friction angle, and K
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is the shear deformation parameter.

Forces perpendicular to the ground include the normal load
W, the perpendicular component of normal stress o, and the
perpendicular component of shear stress 7. Since the analysis
is performed for a wheel moving with a constant velocity
entirely parallel to the ground, the forces perpendicular to the
ground sum to zero.

6o 6o
—W 4+ by (/ o cos 0df + / T, sin 0d9> =0 ()
0 0

A root finding algorithm must be used to solve Equation 7
for the wheel-soil contact angle 6, given normal load W and
slip 7 [3]. Once the wheel-soil contact angle 6, has been found,
the drawbar pull D P and resistive torque 7 can be calculated:

6o 0o
DP = byry (/ T, cos 0df — / o sin 9d9> ®)
0 0

()
i = but?, / rdf ©)
0

B. Skidding Wheel

Wheels undergoing skid have received very little attention
in the literature compared with wheels undergoing slip. One of
the reasons for this is likely that in challenging environments
where traction analysis is necessary, skidding is almost never
encountered.

Recent experiments by Ding et al. on rover wheels driving
on planetary soil simulant were conducted down to skids of
1 = —0.4 [11]. Although this study does not cover the full
spectrum of possible slips/skids (i.e. from —1 < ¢ < 1), it does
give clear insight into the shapes of the drawbar pull DP and
resistive torque T curves for a skidding wheel in deformable
terrain. The shapes of the curves in skid are very similar
to those for slip, but are approximately anti-symmetric about
the vertical axis (¢ = 0) intercept. The Pacejka “Magic Tyre
Formula”, used extensively for modelling the dynamics of road
vehicles, produces a curve of the character described above
[12]. The drawbar pull curve for skidding is the same shape
as the drawbar pull curve for slipping, but is anti-symmetric
about the vertical axis intercept [6], [12]. Lhomme-Desages
et al. [8] use a similar model for drawbar pull that is also
anti-symmetric about the vertical axis intercept. In this paper,
curves for both drawbar pull D P and resistive torque 7p were
made to be anti-symmetric about the vertical axis intercept.
When the wheel is skidding (¢ < 0), the following equations
can be used to obtain the drawbar pull D P and resistive torque
Tgr using the anti-symmetric curves:

DP(i) = —~DP(i = —i) + 2DP(i = 0) |
TR(i> :—TR(i: —i)+QTR(i:O) |

1 <0
1<0

(10)
(1)

where DP for ¢ > 0 is calculated using Equation 8, and 7
for 7 > 0 is calculated using Equation 9.

C. Soil Properties

The soil properties used in this paper were mostly taken
from a thorough experimental study of rover wheel perfor-
mance on a planetary soil simulant by Ding et al. [11]. The

soil simulant is designed to closely resemble lunar soil; the
soil properties are summarized in Table II.

Soil Property Value | Units Reference

Soil  deformation | 1.1 - Ding soil simulant [11]
exponent ng

Cohesion ¢ 250 Pa Ding soil simulant [11]
Internal angle of [31.9 |° Ding soil simulant [11]
friction ¢s

Shear deformation | 11.4 | mm Ding soil simulant [11].
parameter K

Soil modulus of co- [ 15.6 | kPa/m™ ! Ding soil simulant [11]
hesion k.

Soil modulus of | 2407.4| kPa/m™* | Ding soil simulant [11]
friction kg

Pressure-sinkage 12.0 |kPa Ding soil simulant [11]
constant k1

Pressure-sinkage 1845.3 | kPa/m Ding soil simulant [11]
constant ko

Maximum  stress [0.18 |- Empirical, loose sand [3]
angle modulus c;

Maximum  stress |[0.32 |- Empirical, loose sand [3]
angle modulus cz

TABLE II: Soil Properties. { These values are given as the
similar properties soil modulus of cohesion k. and soil modu-
lus of friction k4 in [11], but are converted using ki = kcbz)ﬁ’l
and ko= k¢b7ulf_1.

D. Numerical Evaluation of Traction Parameters

Equations 4, 5, and 6 allow the stress distributions to be
calculated given soil properties, wheel-soil contact angle 6
and slip ¢. A large set of points can be sampled for Riemann
sum integration, or a total of five points can be sampled for
Simpson’s rule integration. An example stress distribution and
its approximation using five points is shown in Figure 3.

x10* Stresses vs. Contact Angle 6
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Fig. 3: An example stress distribution using the Kapvik wheel
dimensions in Table I, soil properties in Table II, a wheel
contact angle 6y of 45°, and a slip 4 of 0.25. Note the distinct
transition between the forward and rearward regions.

A root finding method in MATLAB is used to find the
smallest angle 6y that will support a given normal load W
at a given slip ¢. Drawbar pull DP and resistive torque Tg
are then evaluated by performing Riemann sum or Simpson’s
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rule integration of Equations 8 and 9 around the wheel rim.
Simpson’s rule integration provides an accurate result with a
decreased computational cost. The full procedure for finding
the traction parameters is outlined in Algorithm 1.

Algorithm 1 Calculate drawbar pull DP and resistive torque
Tr given normal load W, wheel centroid velocity v,, and
wheel angular velocity w.

1: Calculate wheel slip/skid given v,, and w using Equation 1 or 2.

2: If the wheel is skidding, use Equations 10 and 11 to convert the
problem into one for which slip ¢ is positive.

3: Calculate wheel-soil contact angle 6y by finding the smallest root
of Equation 7 over the interval 0 < 6y < 7/2.

4: Compute the normal stresses o and shear stresses 75 at sample
points, using Equations 4, 5, and 6.

5: Using either Riemann sums or Simpson’s rule, perform the
integrals of shear stress in Equations 8 and 9 to calculate the
drawbar pull DP and the resistive torque Tr; use the points
sampled in the previous step.

It can be seen from this development that drawbar pull DP
and resistive torque 7r are exclusive functions of normal load
W and slip/skid ¢ when the soil properties are known. Example
plots are shown in Figure 4 for a normal load W of 50 N.

Drawbar Pull Resistive Torque
10 2
5 - 1
- Cl
4 o Em
& 1
E 7
= 5 =
£ g o5
g -10 %
=
= -15 2
a g Ri S
~ 1., Riemann Sum
-20 F==—= —— DP, Riemann Sum 05 / R )
***** DP, Simpson's Rule ~—--- T, Simpson's Rule
-25 -1
-1 -0.5 o 0.5 1 -1 -0.5 o 0.5 1
Slip/Skid, i [-] Slip/Skid, i [-]

Fig. 4: The relationship between drawbar pull DP (left), re-
sistive torque 7 (right), and slip ¢ for normal load W = 50 N.

E. Equation Simplification

Both drawbar pull D P and resistive torque 7 as a function
of normal load W and slip i can be approximated by O
order two dimensional polynomial fits. The fits are represented
with (O +1) (O +2) /2 coefficients py;, where py; is the
coefficient for the term 7*T/!. Simplifying the equations in this
way greatly expedites dynamic rover simulations, since finding
the root of Equation 7 is computationally expensive; it also
allows the terrain response relationships to be reconstructed
from estimated data.

Using the soil properties defined in Table II, a 100x100
array of results was calculated over the parameter space
0<i:<1and 0.1 N<W <200N. The publicly available
polyfitweighted2 MATLAB function was used to find 4"
order polynomial fits to the data. A 100x 100 array of results
was again calculated, this time using the polynomial model.
The root mean square (RMS) errors for the 10,000 calculated
data points for the drawbar pull and resistive torque 4" order
approximations over this parameter space were 0.1080 N and

0.008033 Nm respectively, for calculated values spanning
-9.406 N to 10.195 N and 0 Nm to 7.874 Nm. The error
distributions over the parameter space are shown in Figure 5.
The largest errors are at the outer edges of the parameter space;
however, even at their maximums, the errors induced by using
the polynomial fits are acceptable. The 4 order fits were used
herein for simulation. Polynomial fits for resistive torque and
drawbar pull — not shown in this paper — were performed
using different soil properties to ensure that the suitability of
approximating these functions with a polynomial was not soil
property dependent.

Error Distribution in
Drawbar Pull Polyomial Fit [N]

Error Distribution in
Resistive Torque Polyomial Fit [Nm]

e

Normal Load, W[N]
15
S

Normal Load, W[N]

-0.05 o

Fig. 5: Contour plots showing the error distribution in 4" order
polynomial approximated values of resistive torque (left) and
drawbar pull (right) when compared with the results using
Wong’s classical terramechanics models.

III. MULTIBODY DYNAMICS

A rover with a rocker-bogie mobility system comprises an
articulated multibody system with a moving base [5]. La-
grangian mechanics were used to perform a two dimensional
simulation of the Kapvik micro-rover driving over rolling ter-
rain. The two simulation dimensions are the world horizontal
X, and the world vertical Z,,, chosen so that the rover can be
simulated traversing slopes. A single side of the rocker-bogie
mobility system was considered. This is equivalent to the three
dimensional case for which the terrain extends infinitely into
the page — a good approximation for slowly changing terrain
in which the roll of the rover is negligible. The simulation
methodology used in this paper closely resembles that used by
Ding et al. in their high-fidelity simulation of rover dynamics

[S].

A. Coordinates, Naming Conventions, and Configuration

The coordinates and naming conventions of the different
joints are shown in Figure 6. The combined center of mass
of the body and the rocker is denoted O; the rocker “joint”
is denoted r; the bogie joint denoted /; the wheel joints are
denoted 2, 3, and 4. A vector lg; represents the vector from
k to | when the rover is resting on level ground. The vector
c11 represents the vector from joint / to its center of mass.
The wheel centers of mass are located at the wheel joints, so
Ca2 = c33 = Cc44 = 0. The angular displacement of the rover
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body from the horizontal is given by 6, . The joint angles of
the bogie and the three wheels are {q1, ¢2, g3, ¢4 } respectively.
The wheel-terrain contact angles with respect to the world
horizontal are given by {71, ¥2, 3} In deformable terrain, the
wheel does not actually have a single discrete contact point.
However, in simulation, a single effective point of contact
dictating the rovers dynamics can be used [1].

Z.
()
X,

Gr I z) |

1 0
(X0, Yo, Z0)

(1, 31,21)
LYV 21 4

(X4, V4, 24)

(b)

(d)

Fig. 6: Two dimensional rocker bogie system configuration
variables, internal vectors, and forces.

The configuration of the rover at any given time can be fully
described by the configuration vector .

T
P = [170 Yo 20 bo, bo, bo. q1 92 43 qu (12)

where {zo,yo,20} are the Cartesian coordinates of the
combined body/rocker center of mass in the world frame,
{0o,,00,,00,} are the rotation angles of the body about the
{Xw,Yw, Zy} axes respectively, and {qi,q2,q3,qs} are the

joint angles. Note that coordinates yo, o,, and 6y are not
required to describe the two dimensional system, but are
included to facilitate easy rotations and cross products.

B. Simulation Methodology

The Lagrangian of a system L is defined as:

L=T-V (13)

The term T represents the kinetic energy of the system and
for the rover is given by:

1.7 (& T T .
T=3% (z; i T, Jo, + o, IiJ‘,,i) P

T = %@Tﬂé (14)
where the Jacobian matrices of velocities v; and w; with
respect to generalized velocity & are given by J,, and J,,
respectively, H is the system inertia matrix, and the number
of joints n, is equal to 4 (the rocker “joint” r is considered
rigid because of the two dimensional nature of the simulation).

The term V represents the gravitational potential energy of
the system.

15)

ma,]"

V= g [ZO zZ1 va] [mo mq

where g is the local gravitational acceleration, {zq,... ,2n,}
are the heights of the mass centers of each body in world
coordinates, and {my, ... ,m,, } are the masses of each body.

The linear and angular velocity of the center of mass of link
1 are respectively given by:

v; = Vo +wo X (Pe; _7'0)+ZLi,ij X (Pe; —Pj)d; (16)
=1
wi = wo + »_ LijNji;

Jj=1

a7

where L is an array for which L; ; =1 if j is on the kinematic
chain from 0 to 4 and L; ; =0 otherwise, IN; is the normal
vector along the axis of rotation of joint j, and ¢; is angular
rate of joint j.

A skew symmetric matrix can be used to turn the cross
product into matrix multiplication. For two vectors a =
T T . .
[a1 a2 az]” and b=[by by b3] , a skew symmetric matrix
a can be constructed with the following properties [5]:

0 —a3 as by

axb=ab=| a3 0 —ai | |b2

—as9 aq 0 b3
bxa=-ab=a’b (18)

Using the insights above, the Jacobians describing the
velocity of the center of mass and angular velocity for a single
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link can be found such that vi:Jvi<i> and wi:Jwii’.
Iy, = [ng?, Foi' Lii1N1 x (Pe; —P1) ...
. LijaNy x (pe; — P4)}
Li4N|

19)

Ju, = [om Isxs LiiNy ... (20)

where I, is a p x p identity matrix, O, , iS a p X p zero
matrix, and rg; = p.; —To is the vector from the combined
body/rocker center of mass O to the center of mass of link :.

Stacking the Jacobians creates a link Jacqbian Ja, which
when multiplied by the generalized velocity ®, gives a vector
containing the full set of link center of mass velocities X.

'Ul J’Ul
wl le
Xo=| : |=Ja®=]| : | @ (21)
vnv Vny
wnv W,

The velocity and angular velocity Jacobians for the body 0
are easily deduced since its velocity and angular velocity are
explicitly included in the generalized velocity ®.

Juo = [I3x3 O3x3 0354
Juo = [03x3  Isx3 O3x4]

(22)
(23)

The system inertia matrix H can then be calculated using
the term in parentheses in Equation 14.
The Euler-Lagrange equation gives utility to the Lagrangian:
d oL 0L oL
— = - =H®+ H» - — =
&9 0% * 9% T

where the system has n degrees of freedom, and 74 is a vector
of generalized forces acting on the system.

(24)

A continuously differentiable function z,.(z..) is created
to constrain the path of the wheel centroids. The effective
terrain (i.e. the path traced by the effective terrain contact
points as in [1]) is formed by offsetting the wheel centroid
path by the wheel radius r,. Given a wheel centroid path
Zwe(Twe), the corresponding terrain coordinates x; and z; are
given by:

dzwe

[ T
_1}
i,.,wc Tawe?
B e e
t we\Lwe 14+ dzye

dz e

(25)

The wheel centroids are constrained to the wheel centroid
path using a vector of constraints W.

\IJI p22 - Z’wc(pQ,t)
W= |Uy| = [p3, — Zwe(P3,)| = 03x1 (26)
U3 P4, — Zwe(pa,)

where p; and p;_ are the x and z components of joint ¢’s
position respectively.

Algebraic constraints W to the position, velocity, and ac-
celeration of the system respectively can be implemented as

follows [13]:
T(P,t) =
V(1) =

\Il(<I>7t)

| ¥ € R"™ 27
‘I’t(‘I) t)+ Vs (P, t) =0|Pqs € Rn°><n (28)
By (1) + Vo (@, 0)B + Vo (, )& =0 (29)

where W4 is the Jacobian of the constraints ¥ with respect
to the configuration vector ®, ¥, is the derivative of the
constraints ¥ with respect to time ¢, and n. = 3 is the number
of constraints on the system.

The generalized forces 74 consist of applied forces 7, and
constraint forces 7.. The constraint forces deliver zero power,
represent the effect of the normal load reaction forces in
generalized coordinates, and can be set to [14]:

Te=WalA (30)

where A € R™ is a set of Lagrange multipliers {A1,... , A}
that form a linear combination of the columns of W4 and
allow the constraints to be satisfied. Note that with the
constraints imposed, \; represents the Z,, component of the
normal reaction force W, for wheel i; the X,, component for
wheel 4 can also be found: W, =Wg,; 1 A;.

To ensure that the roundoff error does not cause violation
of the constraints, Baumgarte stabilization is used [13]. Using
Baumgarte stabilization, Equation 29 is replaced with an

equation that incorporates both ¥ and ¥:
U(®,t) + 200 (P, 1) + B2¥(P,1) =0 (31

where « and (3 are appropriately chosen constants.

Combining Equations 24, 27, 28, 29, 30 and 31 into a single
system of equations, the dynamic system is described by:

H U7 [&]_ [r,-H®+ 2
¥ 0 | [-A] ¢
(=W — o - 20 (W, + Wad) - p2w

(32)

If the n. constraint equations are independent, Equation 32
can be solved through matrix inversion [13].

In order to solve this system of equations, the following
variables are required: H, H v v, \I’t, Uy, \Il(p, and aL
Equations for these variables were found but are not 1ncluded
herein. The term g—g in g—é was found to be negligible for a
slowly moving rover and was excluded from the simulation
in order to reduce the simulation time by approximately one

third.

The set of generalized applied forces 7, consists of the
effects of: resistive wheel torques Tg, drawbar pull 7pp, and
internal wheel torques Ty . Generalized forces represent forces
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or moments in the coordinates of the configuration vector ®.

Ta = TR+ TDP + T™w 33)
TR =Jw' Fry (34)
T
Frp = [F"'Rl FTRQ F"'R3] (35)
Frpy=[0000 —7g 0 (36)
TDP = J‘u}TFTDp (37)
T
Frpp = [F"'DPI FTDP2 F"'DPS} (38)
Frpp; = [DPicosvy; 0 — DP;sinvy; 0 0 0] (39)

Tw = [01x7 (Tw,—bad2) (Tw,—bags) (ng_bdqzl)]T (40)

where F... and Fpp,; are the set of external forces and
moments in world coordinates that are applied to the centroid
of wheel ¢; they have the form Fep = [FI F, F, M, M, MZ]
and are projected onto generalized coordinates using a Jaco-
bian J.,; Tr, and DP; are the resistive torque and drawbar
pull respectively on wheel ¢ given the current normal load W;
and slip 4;; by is a viscous damping coefficient; and 7y, is the
motor torque times the gear ratio and transmission efficiency,
applied to wheel :.

C. Simulation Implementation

The result of solving Equation 32 is a value for second time
derivative of configuration ®. To propagate the configuration
forward, a configuration state vector ® is required:

P : P

ol efd

Each evaluation of @, is function of ®,, the applied
wheel torques {7Tw,, Tw,, Tws }, and the previously evaluated
generalized constraint forces 7.. Numerical integration is used
to propagate the configuration state vector ®, forward. A

block diagram of the simulation implementation is shown in
Figure 7.

(41)

Vg + ®- {rw Q2, Ty q}; Ty Q4}

Desired no-slip
velocity

Kp, Kb Kd
PID Controller

(l)s’ T

LT Ty T}

ODE Solver
H®), H®,), ¥(®), ¥, ¥,
Yo (@), Wo(D,), dL/AD(D), J,(D)
TR((DsaTc)» TDP((D'saTca'Y)a TW((DS)
Solve for @, and 7,
Integrate ®,

Record @,

{TRis TRy TR3) » -
{DP\, DP,, DPs},
AW, W, W3}

(I)sa Te, TR,

Tpp, Tw

Fig. 7: Block diagram of simulation implementation.

A proportional integral derivative (PID) controller was
used to individually control the wheel speeds so that the
approximate no-slip wheel velocities {74z, 7wqs, rw{s} Were
equal to the desired velocity vg. The controller was run at a
frequency of 50 Hz; the configuration state vector ®, and
all values of interest were also recorded at this frequency.
Because of the sensitivity of drawbar pull DP and resistive
torque T to slip ¢, the MATLAB ordinary differential equation
solver ode45 was used, with default settings, for integration
between time steps. Over the duration of a single time step
the control input torques {7w,, Tw,, 7w, } and normal loads
{Wy, W5, W3} were presumed to be constant.

The parameters used in simulation were selected so as to
represent one side of the Kapvik micro-rover and are shown
in Table III. Inertias were taken about the Y,, axis only. The
wheel dimensions from Table I were used.

IV. TERRAIN RESPONSE ESTIMATION

This section develops the estimation of resistive torque 7g,
drawbar pull DP, normal load W and slip 7. It is assumed
that there is no a priori knowledge of soil properties or terrain
response; the estimator builds a terrain response model from
scratch. Estimation is accomplished through the use of two
Unscented Kalman Filters [15] running simultaneously. A total
of three estimators are presented here. Estimator 1, with state
vector a1, is a general estimator which estimates a large set of
states essential for determining the terrain response, including
resistive torques {Tg,,Tr,, TR, and slips {i1,ia,i3}. It is
run regardless of the type of force sensors available. Esti-
mator 2, with state vector xs, estimates the normal loads
{W1, W5, W3} and the drawbar pulls {DPy, DP,, DPs} in
the case where two-axis force sensors are available. Esti-
mator 3, with state vector x3 estimates the normal loads
{W1, W5, W3} and the drawbar pulls {DP;, DP, DPs} in
the case where single-axis force sensors are available. The
linearized observability of the filters has been proved, but is
not included herein.

A set of sensor measurements z is taken; each is assumed
to be a Gaussian random variable. The sensor measurements
are used to create the measurement vector y; for use in Esti-
mator 1. Some of the measurements in y; are taken directly
from the sensor measurements, and some are calculated using
a combination of sensor measurements. The measurement
vectors y2 and ys, used in Estimators 2 and 3 respectively,
contain sensor measurements as well as measurements calcu-
lated using a combination of state estimates from Estimator 1.

A. Sensors and Sensor Measurements

To perform accurate terrain response estimation, a com-
prehensive suite of sensors is required. Fortunately, several
of these sensors are typically included on planetary rover
platforms. The required measurements include wheel angular
velocities, bogie angle, rover accelerations, rover pitch rate,
forward velocity, and forces above the wheel hubs (either two-
axis or single-axis). The set of measurements is illustrated in
Figure 8. In this paper a measurement of x is denoted & and
the current time step is denoted k.
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Vector c11

Vector c22 = ¢33 = Ca4 [0 0 O} T
Baumgarte stabilization constant o 500
Baumgarte stabilization constant /3 500
Desired velocity vg 2
Proportional control gain K, 25
Integral control gain K; 0.5
Derivative control gain K4 12.5

Parameter Value Units | Source

Mass of body and rocker mg 12.49 kg SolidWorks model

Mass of link 1 mq 1.562 kg SolidWorks model

Mass of a wheel ma, ms, ma 0.3174 kg SolidWorks model

Inertia of body and rocker Iy 0.5045 kgm?| SolidWorks model

Inertia of link 1 I; 0.05248 kg m?| SolidWorks model

Wheel inertia [, 0.003584 kgm?| SolidWorks model and drivetrain specs
Wheel and gear inertia referred to wheel I,,, | 1.082 kgm?| SolidWorks model and drivetrain specs
Wheel angular viscous damping coefficient bg | 2.28855 Nms | Experiment

[00 —0.07322]" | m

SolidWorks model

m SolidWorks model
- Trial and error

- Trial and error
Design speed

- Trial and error

- Trial and error

- Trial and error

TABLE III: Parameters used in simulation.

wheel 3

Fig. 8: Sensor measurements.

Wheel angle measurements {gs,{s, 4} are provided by
motor encoders with a quadrature output which provide the
number of counts traversed by the wheel. This is converted
into wheel angle given the number of counts per turn and
the gear ratio. Bogie angle measurement ¢; is provided by
a hollow shaft grey code absolute encoder. Measured rover
accelerations in rover coordinates {5?6?’,5(1)%} and measured

rover pitch rate 90y are provided by an inertial measurement
unit (IMU) mounted to the rover body. A measurement of rover
body velocity along the rover’s forward direction :fc{)% could be
taken using a vision-based velocimeter under development at
Carleton University. The velocimeter uses a downward facing
camera placed at the rover’s center of mass to take a sequence
of images; optic flow is then used to deduce the rover velocity.
A distance sensor beside the camera could be used to scale
the measured optic flow from camera to world coordinates; the
distance sensor would make the velocity measurement inde-
pendent of wheel sinkage depth and rover pitch, which could
alter the distance from the camera to the terrain. Note that the
body velocity in the rover’s z direction 2/t is not measured.
The rover is equipped with either single-axis (e.g. Kapvik)
or two-axis force sensors placed above the wheels. These
sensors measure either the forces V{FLU FLQJ Fr,} (single-
axis) or the forces {Fr,, F'r,, Fr,, F1,, F1,, F1,} (two-axis)
shown in Figure 8. Either type of sensor can be used in terrain
response estimation, but performance is better using a two-

axis force sensor. These measurements form a vector of sensor
measurements z.

. 7 YR YR YR < o o
z=[q b, 20 T3 2 G2 3 @

- o o - - v 1T
Fp, Fp, Fp, Fi, Fi, F,] (42)
The expected sensor noises are shown in Table IV.
Measured Variable * Sensor Noise Std. | Units|
Dev. (0.)
Bogie angle ¢1 16-bit  Absolute [ 9.155x 10 ] °
encoder
Pitch rate 6o, H3-IMU-HP02- | 0.56 °ls
0300
Velocity in rover coordinates | Velocimeter 1 mm/s
¥R
Zo
Accelerations in rover coor- | H3-IMU-HP02- | 1.245x10°| m*/s
dinates {z{, 28t} 0300
Wheel positions {2, ¢s, da} | Motor encoders T | 2.143x107°| °
Wheel = vertical loads | Force sensor I 3.255x1072|N
{FL17FL27FL3}
Wheel perpendicular loads | Force sensor § 3.255x1072|N
{FJ-UFJ-mFJ-s}

TABLE IV: Sensor measurement noises. 1 500 count/turn 3-
channel quadrature encoders with 1400:1 gear ratio. £ 200 N
full-scale force sensor sampled by a 10-bit analog to digital
converter.

B. Estimator 1: The General Estimator

The general estimator estimates 22 states related to terrain
response estimation. In this paper an estimate of = is denoted

z.
The states estimated by the general estimator are:

@1 = [do ds i1 TRy Ty TR 00, @ 0o, 1 o, i -
T
&g Zo Mog, Miy, Fuy, Fay, g i1 iz is} (43)

where {Moy, , My, , Fuf,, Fsyr,} are the net effects of
the wheel forces (the moment exerted about the lumped
body/rocker center of mass 0, the moment exerted about the



IEEE TRANSACTIONS ON ROBOTICS, RESUBMISSION, MAY 17, 2012

bogie joint /, the net force in the world horizontal direction
Xw, and the net force in the world vertical direction Z,,
respectively), and {iy,i2,i3} are the wheel slip(s)/skid(s).
Note that {Myy, , M1y, , Fry,, F-y, } describe the net effects
of wheel linear forces, but do not include the effects of wheel
resistive torques.

An estimate of configuration & can be calculated for
subsequent use. The wheel angles {q2, g3, ¢4} and the position
of the rover in the world frame {zo,yo,20} are irrelevant
in the subsequent applications of ®. Thus, the estimated
configuration d is given by:

N N T
&, = [0 0006, 04,00 0} (44)

Similarly, the estimated generalized velocity <i> is given by:

2 [2Rr A SR oA
P, = {xok cos F)Ow 0 &g, sin 00% 0...

AT
- bo, 041, g2, g3, 6}4,€} (45)

Note that this estimate of & involves the assumption that the
velocity in the rover’s z direction {¥ is zero. This assumption
necessitates that the rover be used only on gently rolling terrain
for which #{! < i{* and is explored in further detail in Sections

IV-F and V-B.

1) Process Model: The process model is a nonlinear
discrete-time model. The state is propagated forward using
the function f7:

Zipr1 = f1 (B1g, ur) (46)

where uy, is the control vector, equal to the set of input wheel
torques:

u = [TWlk W, TWSk] (47)

The first three states are wheel angular velocities. Their
process model is straightforward, propagating the previous

velocity forward by the estimator time step 7.
i=1{2,3,4} (48)

(49)

§ik+1 = C}ik + é}ikTe |

2 . ~ N 1
Qi1 = (TWiflk - TRiflk - Qik:bd> Iwg

where ¢; is the estimated angular acceleration of joint ;
although not a state, it is used in the process model. Negligible
inertial terms in H relating ¢; to 6, and Gy are neglected.

The following three states are the wheel resistive torques.
As no a priori model exists for these states, a random walk
is assumed, and the predicted estimate is set to the previous
estimate.
1={1,2,3} (50)

TR1k+1 = TRq‘,k |

The process models for 6y, and g1 use second order Taylor
series approximations; the process models for 6, and ¢; use

first order Taylor series approximations.

0,0, = bo,, + b0, T. + 6o, T2/2 (51)
Q1o = Q1 + 41, Te + 41, T2 /2 (52)
o, = O, + 0o, T. (53)
Gross = q1, + G, Te (54)

The acceleration states all use a particular row of Equa-
tion 32, solved for the state variable of interest. When using
the dynamic equations in the estimator, the terms H ® and

T .
5 are not included.
00,,,, = (Mofwk — Jws 5. 7Ry, — Jwi15, TR, - - (55)
. . oV L. ..
-~ Jwirs TR, T | 55 — Hs 1, %0, — Hs 3, 208 -
5

wo.—Hs7,G1, — Hs 8, G2y, — Hs 9, 3, — H5,10kd4k)H5,5k

Girs = (lewk — Jusritr, — Jwri 7R, . (56)
v N As
~|ap| —Hrudow —HrzZoy -
7

N 2 N N . A L -1
.= Hz5.00,, — Hrs,Gaj, — H7,9kQ3k)H7,7k

2 ~ 5 A 2 o 2 -1
2oy, = (wak —Hips.0,, — H1,7kQ1k)H1,1k (57)

2 . ov A 2 N A A -1
20441 = (szk “las| Hj;5,.60,, — H3,7kQ1k>H3,3k
3
(58)
where g—g, H , and jw are obtained using the estimated
configuration ®.
The net moments Myy, —and My, and forces
F.¢, and F.,r  resultant from the wheel forces

{DPy,DPy, DP5, W, W5, W5} are assumed to follow
a random walk. Their process models are then:

Moy, ., = Moy,
F, 2

My, , = My,,

=Lt

fuppr = Fafu, Fefueis (59)

The process model for the velocity along the rover @t is

a first order Taylor series approximation using the estimated
acceleration of the rover along the rover body.

*%(I)%qul = 55(1)%1@ + (.%Uk cos éoyk — Zgp sin éow) T. (60)

The slip(s)/skid(s) of the rover wheels are assumed to follow
a random walk.

Gigys = iy | i={1,2,3} (61)

2) Measurements: The measurement vector y; for the
general estimator is given by:

v Y Y x MR YR YR Y Y Y
Y1 = [Q2 g3 q4 bo, 1 Ty Zy T 11 t2 13 (62)
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The measurements of wheel angular velocities are obtained by

applying the first order finite difference method to the wheel

angle measurements.

Gir, = Qir_, |
Te

The wheel angular velocities and resistive torques are made

observable through this measurement [6].

A measurement of the rover’s pitch angle éoy is created
using the direction of the gravity vector as sensed by the IMU.
Under the slow acceleration or steady-state conditions on the
rover this method is valid.

2R
o -
_ 0

Ay = tan 1< - ’“)
Yk YR
20
k

This measurement is used to make éoy and éoy observable.
Using a pitch rate measurement éoy, which is obtainable
from the IMU, was found to decrease the performance of the
estimator; this is due to the low signal to noise ratio of this
sensor for a slowly moving rover. As a result, a pitch rate
measurement was not included in the measurement vector y;.

The measurements ¢, :'E(}f, ,'zu'(’f, and ;rg‘ are taken directly
from the sensor measurement vector z.

To create a measurement of slip, a measured configuration

G, = i={2,3,4} (63)

(64)

vector ® and its derivative & are required.

o T
&, — [0 0006, 0d,00 o} (65)
é‘k = [E& CcoS 670?/ 0 — fcél sin 670?/
Y o o o o T
0 o, 0di, o do dn] (66

The measured link Jacobian J,;, and measured set of joint
velocities Xak can then be calculated as in Equation 21.

9 v
19 ¥

Xap = Jar®s (67)

The measurements of slip can then be calculated using the
wheel linear and angular velocity magnitudes found above and
Equation 1 or 2. It is assumed that the direction of rover motion
is positive with positive X,,,.

i) (68)

for i = {1,2,3} and where ¥;41, is the wheel centroid

;ik =i (Vy,w) =1 (sgn (Xa,(ﬁi-i-l)k) "bi"rlk

velocity vector of wheel ¢, a term in X, (see Equation 21).

3) Measurement Model: The measurement model h; pre-
dicts the expected set of measurements based on the current
estimated state vector &1,. The estimated measurement of a
variable z is denoted % in this paper.

1, = h1 (Z1) (69)

The wheel angular velocities {qo, 3, g4}, rover pitch o,
and bogie joint angle ¢; are states and thus have a simple
measurement model.

Q2k = (12k

3, = G3,  Qa, = Gay (70)

G, = a1, (71)

The estimated accelerations in world coordinates {5&0, §0}
must be rotated into rover coordinates to match the measure-
ments {5, 51'}. The effect of gravity, which is measured by
the accelerometers, must also be included. Note that gravity,
although directed downwards, produces the same signal as an
upward acceleration of g.

SR

.l.‘ok = Iok [¢0)] eoyk — Zok sin eoyk — gSiIl ooyk (72)

R

,‘Zok = iok sin éoyk + «’:'ok CcoS éoyk + g cos éoyk (73)

The slips {i1,i2,43} are states and thus have a simple
measurement model.

1% 1% 1%

ilk = ilk iQk = iQk i3k = i3k (74)
C. Estimator 2: Wheel Force Estimator with Two-Axis Force
Sensors

The wheel force estimators both estimate nine states: the
wheel-terrain contact angles, the wheel normal loads, and the
wheel drawbar pulls.

@2 =[n 72 v Wi Wo Wy DPi DP, DP3]' (75

The two-axis force sensor senses two orthogonal compo-
nents of force and thus given the wheel-terrain contact angle
v;, can resolve the sensed forces into normal load W; and
drawbar pull DP; for wheel i.

1) Process Model: The process model f5 is used to prop-
agate the states forward.

Topr1 = f2 (B2) (76)

Terrain angle evolution is an inherently random process [1]
and thus is modelled as a random walk. Since the estimator
has no a priori knowledge of the terrain response, both normal
load W and drawbar pull D P must be treated as unmodelled
phenomena; their process models are also assumed to be a
random walk. Thus the expected next state vector is simply
the same as the previous one.

Lot = Bay, (77)

2) Measurements: The measurement vector contains
wheel-terrain contact angle measurements, and force sensor
measurements.

v o o®mom o= o= o= o= qT
y2=[%1 Yo %3 Fr, Fr, Fi, Fu, Fi, Fi,]” (78

The estimated configuration vector & and estimated gen-
eralized velocity & calculated in Estimator 1 are used in
the measurement of wheel-terrain contact angles. Since the
velocity of the wheel centroid will be parallel to the terrain, the
angle of the velocity vector with respect to the horizontal will
also represent the wheel-terrain contact angle. The procedure
for creating the measurements of wheel-terrain contact angle
is as follows:

Xak = Jakék

. [ Vit |~ Xaiss
’yik:tan1<A k)ztanl —_ (Eit3),
Y
1+1zk Xa(6i+1)k

(79)
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where J, is a function of &, and D41, and v1+1 are
respectively the X, and Z,, components of wheel i’s centroid
velocity.

The wheel-terrain contact angle estimation presented above
is similar to a method used by lagnemma et al. [1] except that
owing to the addition of a velocimeter, does not rely on the
assumption of low slip.

The measurements {Fp, , Fp,, Fr,, F  Fi, F.} are
taken directly from the two-axis force sensors.

3) Measurement Model: The measurement model hy pre-
dicts the expected set of measurements based on the current
estimated state vector £z,. The wheel-terrain contact angles
{71,72,7v3} are states and thus have a simple measurement
model. .

’u}/ik = 'AY'L'k | L= {17 2, 3} (80)

When the rover is traversing a planar surface, the sensing
axes of the force sensors are perfectly aligned with the normal
loads and drawbar pulls. However, in the general case this is
not true and the estimated normal loads and drawbar pulls must
be rotated in order to predict the force sensor measurements.
DpP ik sin (’%k

FLM = W;, cos (i, (81)

(82)

_éik)

- élk)

— &) —
- W sin (71k élk) + ljplk Cos (:Y’Lk
for i = {1,2,3} and where &;, =&, =0y

o, .

v T @1, and &3, =

D. Estimator 3: Wheel Force Estimator with Single-Axis Force
Sensors

The state vector for Estimators 2 and 3 are identical.

gz — T2 (83)

Single-axis force sensors may be used on a rover to provide
force sensing above the wheel hubs with a minimal impact
on mass and complexity. The Kapvik micro-rover is equipped
with single-axis force sensors above the wheel hubs.

1) Process Model: The process model is identical to the
previous estimator: all states are assumed to undergo a random
walk.

23541 = T3, (84)

2) Measurements: The measurement vector contains a set
of measurements identical to the previous estimator; however,
the perpendicular forces {F',, F|,, F,} are calculated arti-
ficially since they are not explicitly sensed.

Ys = Y2 (85)

The procedure for calculating measurements of wheel-
terrain contact angles {%1,%2,%3} is identical to the pre-
vious estimator (see Equation 79). The measurements
{Fy,, Fyp,,Fr,} are taken directly from the single-axis force
sensors. As a result, one component of each wheel force is
known. The remaining components {F, ,, F ,, ' ,} must be
solved for using the estimated net effects of wheel forces
{Moy,, My, , Fyp,, F.s, }. As shown in Figure 9, forces F'| |
and F'|, have the same line of action. Given the net effects of
wheel forces observed it is impossible to differentiate the two

forces and they are combined together into F';,, = F|, +F,.
With two unknowns, F'|,, and F'|,, only two of the four
equations are required to find a solution. The equation for
My, is used to solve for F'| ,. With knowledge of F' ,,
the equation for F;r, is used to solve for F';,. Referring to
Figure 9, the forces F'| ,, and F'| , are solved for as follows:

o N o o 1
P, = (—M1 fu + (FL - Fsz) b) - (86)
F‘Lgk = (mewk - (Fle +FL2I\~> sinélk PN

—Fy,, coséy, — Fr, sin é3k) —— &7

Fig. 9: Forces applied at the wheel shown in sensor directions.

Thus, it is possible to provide an accurate measurement of
F'| ,. The combined force F 'L ,, can then be apportioned based
on the sensed loads FLl and F‘LQ, which up to moderate values
of {e1,e2} approximately represent the normal loads W, and
Wa.

v v v v

~ FLleFle ) FlekFLz

== F, = . (33)
k Fle + FL?)« 2

FL 1k + FL2k
This is an approximation, since the relationship between
drawbar pull and normal load is not a proportional one.
Additionally, F,, and F,, do not directly represent the normal
loads, and F'| | and F'; , do not directly represent the drawbar
pulls, as can be seen in Equations 81 and 82. Nevertheless,
apportioning the forces in this way provides a reasonable
approximation. A similar procedure is performed in [6].

3) Measurement Model: The measurement model for the
single-axis wheel force estimator is identical to that for the
two-axis wheel force estimator.

U3y, = h3(Z3y) = ha(E3y) (89)

E. Creating the Model

The result of running the estimators developed above is a set
of estimated terrain response values {Tr, DP, W, i} for each
wheel. These are all treated as sample points in the two terrain
response relationships: resistive torque 7p as a function of
normal load W and slip ¢, and drawbar pull DP as a function
of normal load W and slip 1.

Creating a two dimensional polynomial fit with thousands
of data points can be computationally expensive. To make it
more manageable, sample data can be temporally averaged,
decreasing the number of sample points.
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A two dimensional polynomial function is fit to the sample
points. The complexity of the relationship modelled dictates
the required order O of the fit to be used. Over the normal
loads of 0.1 N <W < 200N used for the simulation model,
a 4™ order polynomial was found to be most appropriate.
Over the normal loads in which the rover will typically
operate (35 N<W < 70N in Kapvik simulations below), the
relationship is less complex and 2™ order relationships were
found to be most appropriate. Fits of higher order result in
highly erroneous data at the edge of and outside the parameter
space spanned by the sample data.

The drawbar pulls and to a lesser extent the normal loads
estimated using single-axis force sensors (Estimator 3) will be
less accurate on wheels 1 and 2 than on wheel 3. If desired,
wheel 3 can be used exclusively to create the model, serving as
a sensing wheel. Drawbar pull estimates using wheels 1 and
2 will be biased toward a proportional relationship between
drawbar pull and normal load because of the force apportion-
ing performed in Equation 88.

FE. Proposed Usage of Estimator

The terrain response estimation algorithm requires that the
terrain be homogeneous and gently rolling. Forward looking
range data could be used to assess the suitability of the terrain
ahead and autonomously make a decision about whether or not
to perform terrain response estimation. During a traverse, the
rover could log all of the essential sensor measurements for
terrain response estimation. When stopped, the estimator could
be run to obtain DP(W, i) and 7r(W,4) data points from the
recently traversed terrain. Temporally averaged data could then
be added to the existing dataset. A maximum number of recent
points to be kept in this dataset could be chosen in advance
based on memory and processing time available. A polynomial
fit to the dataset could then be performed, forming a local
model for terrain response that could subsequently be used
in trafficability predictions, cost function based path planning,
or traction control. For example, the terrain response acquired
during a traverse over relatively benign terrain could be used
to assess the feasibility of climbing an upcoming incline. If
desired, a history of polynomial coefficients could be kept in
memory to capture the evolution of terrain response over the
duration of the mission.

Ideally, the estimator would also be able to run in real-time,
providing current estimates of resistive torques, drawbar pulls,
wheel normal loads, wheel slips, and wheel-terrain contact
angles, amongst other states. Knowledge of these states could
be used to perform reactive traction control, with forces being
optimally applied, or high slip conditions being avoided. Real-
time estimator speeds have not been achieved in the MATLAB
simulation of the estimator; optimization of the algorithm for
real-time operation lies outside the scope of this paper.

V. SIMULATION RESULTS AND DISCUSSION

Simulations of the rover traversing the six representative
terrains shown in Figure 10 were performed with a desired
speed vy of 2 cm/s, the nominal speed for Kapvik. Unbiased
Gaussian noise of the magnitudes outlined in Table IV was

Terrain 1 (200s)

o 1 2 3 4 5 6 7
Terrain 4 (300s)

0 1 2 3 4 5 6 7
Terrain 5 (300s)

0.5 i ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7
Terrain 6 (300s)

Fig. 10: The six terrains used to validate the estimator, shown
with the simulation duration in parentheses. Terrain 1 is a
gently rolling terrain. Terrains 2 and 3 are predominantly flat
uphill and downhill terrains respectively, each with slopes of
0°, £4° and 48° and short transitions. Terrains 4, 5, and 6
are step increases of half a Kapvik wheel diameter formed
by sigmoid functions, where the transition region decreases in
distance from Terrain 4-5 and Terrain 5-6. The rover is shown
at the beginning, middle, and end of its traverse.

added to the sensor measurements. Since the rover moves
slowly, the estimator was run at 5 Hz using temporally
averaged measurements; this reduced computation time.

A. Estimator Performance

The root mean square estimation errors of the important
terrain response estimation states over the simulation runs
are shown in Table V. Slip 7 and resistive torque 75 are
consistently estimated well by Estimator 1. As expected, the
performance of the wheel force estimator using single-axis
force sensors (Estimator 2) is poorer than that using two-axis
force sensors (Estimator 3) for wheels 1 and 2. As the drawbar
pull and normal load do not follow a proportional relationship
as implied in Equation 88, a systematic error is introduced
for wheels 1 and 2. However, the drawbar pull for wheel 3 is
estimated with an accuracy nearly identical to that when using
two-axis force sensors. Errors in estimated forces {W, DP}
increase in magnitude for Terrains 4-6 as the transition region
shortens. This is a result of the assumption that {' ~ 0 and
is explained in Section V-B.
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i1 iz ig W1 W2 W3 7A—R1 7A'R2 7A'R3 DP1 DP2 DP3
RMS Brrors 3L E L LN N[N Nm] | Nm) | Ne) | NN | N
Terrain 1, Estimators 1 and 2 | 0.015 | 0.015 | 0.016 0.15 0.095 0.3 0.008 0.0051 | 0.0055 | 0.88 | 0.55 | 0.47
Terrain 1, Estimators 1 and 3 | 0.015 | 0.015 | 0.016 | 0.21 0.17 0.31 0.008 | 0.0051 | 0.0055 1.8 2.3 | 0.49
Terrain 2, Estimators 1 and 2 | 0.012 | 0.012 | 0.012 | 0.094 | 0.048 | 0.076 | 0.0038 | 0.0028 | 0.003 | 0.53 | 0.23 | 0.35
Terrain 2, Estimators 1 and 3 | 0.012 | 0.012 | 0.012 0.1 0.06 | 0.078 | 0.0038 | 0.0028 | 0.003 | 0.65 | 0.67 | 04
Terrain 3, Estimators 1 and 2 | 0.011 | 0.011 | 0.011 | 0.059 | 0.056 | 0.069 | 0.0024 | 0.0023 | 0.0024 | 0.31 | 0.18 | 0.27
Terrain 3, Estimators 1 and 3 | 0.011 | 0.011 | 0.011 | 0.065 | 0.065 | 0.071 | 0.0024 | 0.0023 | 0.0024 | 0.41 | 0.42 | 0.31
Terrain 4, Estimators 1 and 2 | 0.012 | 0.012 | 0.012 0.06 0.048 | 0.092 | 0.0032 | 0.0025 | 0.0027 | 0.32 | 0.23 | 0.32
Terrain 4, Estimators 1 and 3 | 0.012 | 0.012 | 0.012 | 0.067 | 0.061 | 0.096 | 0.0032 | 0.0025 | 0.0027 | 0.56 | 0.79 | 0.38
Terrain 5, Estimators 1 and 2 | 0.013 | 0.013 | 0.011 | 0.086 | 0.067 | 0.21 0.0039 | 0.0029 | 0.0031 | 0.73 | 0.51 | 0.71
Terrain 5, Estimators 1 and 3 | 0.013 | 0.013 | 0.011 0.11 0.14 0.21 0.0039 | 0.0029 | 0.0031 | 0.88 1.5 | 0.75
Terrain 6, Estimators 1 and 2 | 0.02 0.02 | 0.017 | 0.15 0.12 0.37 | 0.0068 | 0.0047 | 0.005 1.7 1 1.3
Terrain 6, Estimators 1 and 3 | 0.02 0.02 | 0.017 | 0.23 0.34 0.38 | 0.0068 | 0.0047 | 0.005 1.7 2.6 1.3

TABLE V: Root mean square errors in the simulated state estimates {%, W, TR, ﬁP}

Figure 11 shows the estimated and real slips and normal
loads over the 200 s Terrain 1 simulation. Slip is accurately
estimated, with some white noise. Normal load is estimated
with similar accuracy using both Estimators 2 and 3; as a
result, only the results from Estimator 2 are shown.

Figure 12 shows the estimated and real resistive torques
Tr and drawbar pulls DP for the same simulation. Resistive
torques are very well estimated because of the precise mea-
surement of wheel angles {q¢2, ¢3, ¢4} (Figure 12a). Drawbar
pulls are well estimated by Estimator 2 using two-axis force
sensors (Figure 12b). A small systematic error is caused by
the imperfect estimation of wheel-terrain contact angles, as
outlined in Section V-B. The white noise in drawbar pull is
more prevalent for wheels 1 and 3 than for wheel 2. This is
because the estimate of wheel-terrain contact angle #5 is less
sensitive to noise in the estimated rover pitch éoy than are 4,
and 4s3. Since the estimated rover pitch éoy is noisier than the
other variables affecting the estimate of wheel-terrain contact
angle, wheels 1 and 3 experience more white noise than
wheel 2. The systematic error caused by force apportioning
performed in Equation 88 is evident in the drawbar pull
estimates for wheels 1 and 2 (Figure 12c).

B. Effect of Vertical Velocity Assumption

The assumption that the velocity of O along the body
vertical #§% is approximately zero reduces the performance
of the estimator in situations where ' % 0. This is
because the wheel-terrain contact angles {v1,72,73} are
calculated from the estimated angles of the wheel cen-
troid velocity vectors with respect to the horizontal. The
resultant error in calculated wheel terrain contact angles
is approximately the angle of the rover velocity with re-
spect to its forward direction § ~ tan~'(—z{/ifl) ~
—:8/2l. When used to apportion the sensed/calculated
wheel forces {Fr,, Fr,, Fr,, F1,, F1,,F1,} into the desired
forces {D Py, DPs, DP3, Wy, W5, W5}, the error in calculated
wheel-terrain contact angles {71, 72,73} limits the achievable
accuracy. The approximate magnitude of the error is found by
solving Equations 81 and 82 for DP and W and comparing

their values with and without the error term .

Epp, =[Fr,sin(y; — 6 —¢;) — Fy,cos(v; — 8 —e;)] —

[

[Fr, sin (y; — i) — F1, cos (77; — €i)] (90)
[F[M 005(77 _6_5i)+FL7;Sin(7i_6_5i)]_
[FL, cos (v; —e;) + Fp, sin (y; — &;)] 91)

where E'pp, and Ey, are the calculated errors in drawbar pull
and normal load respectively for wheel . A representative case
is chosen where v; = 0, W; = 50N, and DP; = 0, but § # 0;
this represents steady state operation where the wheel being
analyzed is on level ground but the velocity along the body
vertical Zé% is non-zero; this situation is possible if the rover
is pitched. In Figure 13, as (v; — ¢;) is altered, F, and F|,
are altered to accurately reflect the redistribution of forces.
The resulting relationship is shown in Figure 13 and shows
that miscalculation of wheel terrain contact angle has a larger
effect on drawbar pull D P; than on normal load W.

Error in Calculated Drawbar Pull Error in Calculated Normal Load
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Fig. 13: The sensitivity of calculated drawbar pull (left) and
normal load (right) to errors in calculated wheel-terrain contact
angle 9.

A non-zero velocity ' on a rover using a rocker-bogie
mobility system is induced by a variety of terrain types which
are not gently rolling. The approximate magnitude of 4% and
resultant severity of the error in wheel-terrain contact angle,
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(b) Estimated normal load for wheels 1,

Fig. 11: Estimated normal loads W and slips ¢ over the 200 s
load is of comparable accuracy between Estimators 2 and 3.

normal load, and drawbar pull estimates can be judged based
on the curvature of the terrain x compared with the wheelbase
of the rover [,,. Terrains 4-6 have similar profiles but with
increasing levels of curvature. Figure 14 demonstrates how
the severity of the errors scale with the terrain’s curvature
for Terrains 4-6. As the terrain curvature x approaches the
reciprocal of the rover’s wheelbase (1/1,,), the likelihood of
increased velocity of the rover along its body vertical {¥
increases; the assumption that 25 0 loses validity, and
the estimator’s performance degrades. In operation, forward
looking range data could be used to assess the curvature of
the upcoming terrain and decide whether or not to perform
terrain response estimation during the traverse. Terrains that
include curvatures k > 1/1,, should not be used for the terrain
response estimation described herein.

~
~

C. Terrain Response Model Re-creation

To reduce the amount of data used to reconstruct the terrain
response models, the estimates were temporally averaged to
1 sample every 2 seconds from the original sampling rate
of 5 samples/s. Based on the requirement that x < 1/l
from Section V-B and Kapvik’s wheelbase [,, from Table I,
the curvature of viable terrain must be less than 1.43 m/m2;
using this requirement, data points from the rover’s traverses
of Terrains 1-5 were included, but data points from the rover’s
traverse of Terrain 6 were excluded. A two dimensional, 2™
order polynomial function with was then fit to the data. The
resulting models for resistive torque and drawbar pull using

2, and 3 (left to right), Estimator 2.

simulation (time in [s] on X axis). The estimation of normal

Estimators 1 and 2 are shown in Figures 15 and 16 respec-
tively. The models using Estimators 1 and 3 are very similar
and are not included herein. The coefficients for the estimated
model are compared with an optimal two dimensional fit to
the real model in Table VI. The distribution of errors in the
resultant models for resistive torque and drawbar pull are
shown in Figures 17 and 18 respectively. The estimated fits
provide a good approximation of the actual terrain response
in the traversed parameter space.

Estimated Resistive Torque Model

Estimated

Data Points

2" Order
Estimated Model
4th Order
Global Model

Resistive Torque [Nm]

Normal load W [N]

Slipi[-]

Fig. 15: Resistive torque fit using Estimators 1 and 2.

As shown in Figures 17 and 18, the errors in the estimated
models are most severe near the edge of the traversed param-
eter space, and close to zero near to the estimated data points.



IEEE TRANSACTIONS ON ROBOTICS, RESUBMISSION, MAY 17, 2012

T, [Nm], Estimator 1

1

I, [Nm], Estimator 1

2

I, [Nm], Estimator 1
3

2.5 2.5 2.5
— Estimated
2f 27 2] True
30
1.5f 15} L5
1 1 1f
0.5 0.5 0.5
o (o] [
[¢) 50 100 150 200 o) 50 100 150 200 o 50 100 150 200
(a) Estimated resistive torque for wheels 1, 2, and 3 (left to right), Estimator 1.
DP1 [N1], Estimator 2 DP2 [N1], Estimator 2 DP3 [N], Estimator 2
20 20 20
— Estimated
15 15

-15 -15 -15
(o] 50 100 150 200 o) 50 100 150 200 o) 50 100 150 200
(b) Estimated drawbar pull for wheels 1, 2, and 3 (left to right), Estimator 2.
DP1 [N], Estimator 3 DP2 [N], Estimator 3 DP3 [N], Estimator 3
20 20 20
[ — Estimated
151 15

150

200

50

100 150 200 o) 50 100 150 200

(c) Estimated drawbar pull for wheels 1, 2, and 3 (left to right), Estimator 3.

Fig. 12: Estimated resistive torque 7r and drawbar pull DP over the 200 s simulation (time in [s] on x axis) on Terrain 1.

Poo P10 | Po1 P20 | P11 po2
7R Local Model -0.367[2.16]0.0139 [-2.7 [0.0266 | 8.2x10°
7g Fit, Est. 1 and 2 [0.777 [2.35[-0.0327 | -2.48{0.0156 | 5.79x10%
D P Local Model -4.17 |31.5[-0.032 [-38.8]0.274 |[-1.66x107%
DP Fit, Est. 1 and 2 | 11.8 | 35.7 | -0.685 |-38.3|0.122 |0.00673
DP Fit, Est. 1 and 3|9.33 | 35.5|-0.579 |-37.8|0.127 |0.00562

Table VII. The RMS errors as well as the error distributions
of Figures 17 and 18 are calculated using 100x 100 arrays of
values over the traversed parameter space. The magnitudes of
the RMS errors are relatively small, meaning that the estimated
model could be effectively used for trafficability analysis, cost

TABLE VI: Coefficients py; of the 2™ order polynomial
fits to the optimal local model and estimated data. The local
model was created by performing a 2™ order polynomial fit
to a 100x 100 array of global model sample points over the
traversed parameter space.

The area enclosed by estimated data points also has minimal
error. This shows that predictions made using the estimated
models would be most accurate for values of slip and normal
load similar to or enclosed by those already sampled. The
root mean square errors in the estimated model are shown in

function based path planning, or traction control.

RMS Errors 7r[Nm| | DP|N]
Estimators 1 and 2 0.0551 0.747
Estimators 1 and 3 0.0554 0.670

TABLE VII: Root mean square error of the 2" order esti-
mated terrain response models compared with the 4" order
global model over the traversed parameter space.

VI. CONCLUSION

Rovers exploring other planets will require knowledge of
the terrain’s response in order to assess terrain trafficability,
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Fig. 14: The effect of terrain curvature on the assumption that
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#8 ~ 0 and resultant errors in estimated wheel-terrain contact

angles and drawbar pulls. The resultant errors very closely follow the error term §, which is a result of the assumption that

R _
z5 = 0.
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Fig. 16: Drawbar pull fit using Estimators 1 and 2.

perform cost function based path planning, or perform optimal
traction control. Since bringing additional equipment to char-
acterize the soil is expensive and impractical, soil properties or
terrain response must be found using on-board rover sensors.

In this paper, resistive torque and drawbar pull, the key
outputs of Wong’s terramechanics equations, are simplified
into two dimensional polynomial functions of normal load and
slip. This expedites simulation by eliminating the requirement
to use root-finding routines. Additionally, it provides a model
that can be reconstructed if all the required variables are
estimated.

Error Distribution in Estimated Resistive Torque Model [Nm]

Estimated Data Points

3} o =3 =)}
=] a o o

Normal Load, W[N]

S
&

40

0.2 0.3 0.5
Slip, i[-]

0.6

0.1

Fig. 17: Distribution of errors in 2" order estimated resistive
torque model over traversed parameter space compared with
the 4™ order global model.

Fully dynamic 2D simulation was performed on one side of
Kapvik, a 30 kg planetary micro-rover prototype with a rocker-
bogie mobility system. The rover was simulated traversing
six different terrains; the simulations incorporated Wong’s
terramechanics relations to properly represent the wheel-soil
interactions.

A suite of on-board sensors, including conventional sensors
as well as a velocimeter and force sensors, were used to



IEEE TRANSACTIONS ON ROBOTICS, RESUBMISSION, MAY 17, 2012 17

Error Distribution in Estimated Drawbar Pull Model [N]
- [11] L. Ding, H. Gao, Z. Deng, K. Nagatani, and K. Yoshida, “Experimental

study and analysis on driving wheels performance for planetary
exploration rovers moving in deformable soil,” Journal of Terrame-
chanics, vol. 48, no. 1, pp. 27-45, Feb. 2011. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S00224898 10000601

[12] H. B. Pacejka and E. Bakker, “The Magic Formula Tyre Model,” Vehicle
System Dynamics, vol. 21, no. S1, pp. 1-18, 1992. [Online]. Available:
http://www.informaworld.com/openurl ?genre=article&doi=10.1080/0042311040896999

[13] J. Garcia de Jalon and J. Bayo, Kinematic and Dynamic Simulation of
Multibody Systems: The Real-Time Challenge. Springer-Verlag, 1994.

[14] D. Dimitrov, “Multibody simulation dynamics of a multibody system
(Euler-Lagrange formulation),” in Multibody Simulation Course Notes.
Orebro University, 2009.

[15] D. Simon, Optimal State Estimation. John Wiley & Sons, 2006.

[16] K.Iagnemma, “Rough-Terrain Mobile Robot Planning and Control with
Application to Planetary Exploration,” Doctor of Philosophy Thesis,
Massachusetts Institute of Technology, 2001.

=)}
[3))

ated Data Points

9] w =
=] [ =]

Normal Load, W[N]

'
o

0.4 0.5 0.6

[¢] 0.1 0.2 0.3

Slip; i[-] [17] K. Yoshida, H. Hamano, and T. Watanabe, “Slip-based Traction Control
. L . d . of a Planetary Rover,” in Experimental Robotics VIII, 5th ed. Springer,
Fig. 18: Distribution of errors in 2" order estimated drawbar 2003, pp. 644—653.

pull model over traversed parameter space compared with the
4™ order global model.

take measurements critical to the observation of the terrain
response. These sensors, coupled with Unscented Kalman
Filters, were used in simulation to accurately reconstruct the
terrain response relationships over the traversed parameter
space.
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