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Abstract—This paper studies the problem of traversing a
rough terrain by wheeled vehicles. Here rough terrain
implies terrain which is geometrically not ideal. The
criterion for mobility of a wheeled vehicle in any terrain is
formally developed, providing insights into the mechanical
structure requirements of the vehicle. A vehicle structure
with an actively articulated suspension is found as a solution
to improved rough terrain mobility. The contact forces of
the vehicle with the surface being traversed are identified as
the critical factor in determining the traversability of the
surface. Hence a control strategy involving the control of
the contact forces (normal and traction) is proposed. The
key feature of the locomotion strategy, thus developed, is
that it provides a solution involving dynamics of the main
body for improving mobility in rough terrain.

Index Terms—Articulated Suspension, Wheeled Robots,
Rough Terrain, Mobility, Traction

I. INTRODUCTION

Given a terrain, can we predict if a robot with a given
mechanical structure can traverse the terrain? To the best
of the authors’ knowledge, there seems to exist no
definitive answer to this question in previous work on
rough terrain mobility. This paper attempts to answer the
question. The answer to this question also provides the
motivation for deviating from the simple rigid suspension
structure to a structure that is more suitable for mobility
in rough terrain. We develop this mechanical structure
and introduce a strategy to improve its mobility in rough
terrain.

A number of efforts towards a solution to mechanical
structure problem have been made in the past [1]-[4].
Simultaneously, the development of a control strategy for
the degrees of freedom of the internal configuration
variables of the mechanical structure has been studied
[5], [6]. This had led to the development of vehicle
systems with passive articulated suspension systems such
as the shrimp [1] and the JPL Rocky [2] with excellent
terrain  adaptability. In such systems, the only
independent configuration variables are related to the
wheel actuation. Another well known solution to rough
terrain mobility is legged systems [7]. These systems are
often inefficient in terms of power consumption, pay load
capacity and speed, but are useful for surface with
extreme discontinuity. The main disadvantage of the
passively suspended and fixed suspension vehicles is that
the robustness of these systems under varied terrain
conditions is not certain. To enhance the performance of

such systems, a class of robots with actively articulated
suspensions called the Wheeled and Actively Articulated
Vehicles (WAAVs) has been developed, the terminology
first used by Srinivasan ef al. [8]. We focus our attention
to this class of vehicles as we observe they are suitable
for implementation of the control strategy developed in
this paper. The Hybrid Wheel-Legged Vehicles (HWLV)
[9] is a class of vehicles that consists of any combination
of wheeled and legged mechanisms. The Hylos [9] and
WorkPartner [4] are typical examples of such vehicles.

A static analysis of the contact forces on an HWLV
such as Hylos would reveal that the contact forces are
functions of the body-weight, payload, posture and the
contact angles [10], [11]. Hence previous work [5], [9]
has aimed at controlling the posture, defined by the
internal configuration parameters, with the purpose of
optimizing the contact forces for maximizing traction and
stability. Algorithms for traction optimization and power
efficient mobility in rough terrain are presented in [10],
[12]. However [10] does not speak of conditions where
forward motion is not possible for a slow moving fixed
suspension vehicle. Fig. 1 shows a fixed suspension
vehicle on a terrain it is unable to traverse.
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Fig. 1. Fixed suspension vehicle failing to traverse a given surface

Ch. Grand et al. at the Laboratoire de Robotique de
Paris have developed the Hylos robot [9]. The central
theme for the Hylos locomotion is to achieve a posture of
the main body which maximizes stability and traction
using the posture control algorithm that uses the velocity
model (which maps the joint velocities to the velocity of
the main body) to set velocities at the various joints based
on the posture error. The interested reader is referred to
[9], [13] for a detailed account of the work.

The critical assumptions made in the analysis of the
Hylos [9] are: (i) sufficient contact forces exist to allow
for pure rolling of the wheels, also implying that wheel-
ground contact exists at all times, and (ii) the dynamic
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effects are neglected.

The approach in this paper can be considered inverse
of the approach as stated in previous work [9] with
respect to traction for mobility in rough terrain. In that,
we are able to control the posture of the main body by
controlling the contact forces rather than vice versa. We
aim at directly controlling contact forces that result in the
desired traction.

The authors believe that the method of altering the
contact forces to control the posture and improve the
traction performance in an actively articulated suspension
would be a first attempt and hope to solve the problems
prevalent due to assumptions stated in [9].

II. MOBILITY OF A FIXED SUSPENSION VEHICLE

The mobility of a vehicle implies its ability to traverse
a surface with different geometrical parameters. For a
fixed suspension vehicle, the local geometry at the
contact point results in the contact angle ( ;) while the
global geometry over the length scale of the wheel-base
affects the pitch angle (y ). As shown in Fig. 2, the
global fixed frame is {XYZ}, where Y is parallel to the
gravity force; {xyz}; is the contact frame at the i contact

point where traction (7} ) is along x and normal contact

force (N;) along y; Vij is the component of the vector

from the /™ contact point to the CG point in the j
direction; and y; is the contact angle at the ™ contact

point. The index i increments as we move from the rear
to the front wheels.

Fig. 2. Wheel terrain contact forces and parameters

The quasi-static equations that relate the normal
contact and traction forces to the forces on platform for a
planar two-wheeled vehicle are given by

A-C=D (1)

For a vehicle with two wheels in the plane, 4= A4 .

cosy; —siny; cosy, —siny,

Ag =|siny; cosy; siny, cosy,
y x y x
oo

C:[Tl N T Nz]T

D=[Fy Fy MgJ"

These set of equations are redundant and hence infinite
solutions exist under the following constraints:

Ni >0 Vii={,2} (2)
I—-imin < (Tl . r) < ]"imax Vii= {1,2} (3)
T; <uN; Vi,i={,2} @

;" ™ are the maximum and minimum torques

that the motor at the i™ wheel can generate. For the

vehicle to be able to move forward, it must at least
remain in equilibrium. Therefore, we set Fy >0,
Fy =Wg and M, =0, neglecting effects like rolling
friction, inertial forces, etc. W is the mass of the vehicle
in kilograms and M, is the moment in the plane of
analysis. The above problem can be viewed as a linear
programming problem, where a solution to all variables

exists if the solution space is not a null set. An arbitrary
objective function is chosen:

min(S), S =T, Q)
T;,N;

to evaluate the regions for y;, 7, and w where a

solution to the above set of equality and inequality
constraints (1)-(5) does not exist. As an instance, we set
71 =0 and vary y, from 0 to z/2 to illustrate the

existence of regions with no solutions. Also the pitch
angle y is varied from 0 to /3.

Traction T,

Pitch angle i 0 o

Contact angle y,

Fig. 3. Plot of min(7)) showing regions of infeasibility (dark flat
surface)

Fig. 3 shows the plot of min(7}) as a function of the
contact angle y, and pitch angle y . The values of y,
and y corresponding to the brown (darkened and flat)

region indicates the region of infeasibility where no
solution for the given values of y, and y exists. In this

region, no values of traction forces at the wheels can
maintain the system in equilibrium with the vehicle
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having a fixed suspension. Hence if the vehicle is not
moving fast, it cannot overcome this state and cannot
traverse the terrain.

For sufficiently uneven terrain, a large range of contact
angles and pitch angles are possible. Hence to
successfully traverse such a surface, a vehicle is needed
for which the infeasible regions described above do not
exist. The actively articulated vehicles such as the
HWLYV, as we shall see in later sections, are capable of
achieving this.

It must be noted that since the geometry of the given
surface cannot be varied to modify the feasible region,
the forces 7; and N; must be somehow modified. In

further sections, we introduce the mechanical structure of
the WAAYV used and the control methodology, which we
term as the Force Control Methodology, devised to
achieve the requirement of no infeasible regions
mentioned above.

III. FORCE CONTROL METHODOLOGY

All previous work dealing with the control of WAAVs
has focused on controlling the posture of the vehicle by
utilizing the independent internal configuration
parameters # with various optimization functions such
as traction and stability. Here, we speak of only the
parameters that are different from the parameters used for
trajectory control of the vehicle. We need to find an

alternate method that controls the contact forces F¢ at
the various contact points between the wheels and the
surface such that the vehicle successfully traverses a
terrain. Hence the primary motive of the vehicle is to be
able to traverse a given terrain. Since our aim is to study
the traction or the forward motion problem, a planar
analysis will suffice as also in [10], however extensions
to the 3D problem can be done.

To develop our control methodology, we use a generic
platform consisting of a main body and two actuated
wheels in the sagittal plane, each wheel connected to the
main body through a Linear Force Actuator for
development of our control methodology. We call this
vehicle LFA-V (Fig. 4). It must be noted that the LFA-V
has actuated prismatic joints, which we consider as a
form of actively articulated suspension due to the internal
degree of mobility it provides to the vehicle.

I'_. — -

Fig. 4. The LFA-V mechanical structure

We also need a control to achieve the desired value of
contact force F°€ = [T N ]T using an articulated

suspension. This issue has been addressed previously for

industrial robots in a comprehensive manner [14], [15]
and the work described in this paper does not focus on
this issue. For all further analysis, we assume the wheels
have only single point contact in the plane of analysis and
that the wheels are cylindrical.

The mechanical structure for analysis consists of 2
wheels, each pinned to an outer slide link which is
connected to an inner slide link through a prismatic joint.
The inner slide is fixed to the main body. The prismatic
joint is actuated through a linear actuator, mounted on the
main body, to which a desired force F“ can be
commanded. This force F* acts between the main body
and the output slide. Although the input and output slides
have a finite mass, we consider this to be negligible
compared to the mass of the body and therefore neglect
them in our analysis.

By the kinematics of the system, we can see that the
entire system when analyzed as a parallel manipulator
[16] has a total of 3 degrees of freedom. These can be
identified as the height % of the main body, its pitch
angle w and the position along the horizontal direction
X, . Hence we can apply arbitrary forces Fy, Fy and
moment M, to main body of the vehicle. The wheel
ground contacts are assumed to be no-slip contacts for
the kinematic analysis.

Next we write down the quasi-static force balance
equations that relate the normal contact force N; and the

traction force 7; to the forces at main body of the LFA-

V. I7ij represents the effective moment arm (scalar) of

the force at the /™ contact point acting perpendicular to
the j direction. The equations below are written by
considering the force actuator force

F,»A =N;/cos(y; —y). These equations are different

from that for a rigidly suspended vehicle shown earlier.
C, D are defined previously in (2).

A4-C=D ()

For the LFA-V specific mechanical structure, 4= A4; .

3 S3 3 3 S3 3
Cl *C3 —73—5'1 *C3 CZ *C3 —73—8'1 *C3
c c
1 1
c c
Ap = c13~s3 —3—sl3~s3 c§~s3 3—s;-s3
3 3
1 €
Y X Y X
Vl Vl V2 V2

where ¢ is a cosine and s is a sine function such that

3

cy=cosy; c;j =cos(y; —y); and other notations

follow. Also

VY =k sin(6)) cos(yy —y)+7 cos(y —y)
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V" =k cos(6))/cos(y1 —)
V3 =ky sin(0y) cos(yy —w) +r cos(y; —y)
172" =—kj, cos(6,)/cos(y, —w)

2
w
W

0; =atan(2l; /w); k; = 2

Here r is the radius of the wheel, w is the wheel base
of the vehicle measured in the main body, and /; and /,

are the wheel-to-frame distance along the direction of the
actuator of the first and second wheel.

A reasonable choice for the objective function in the
case of the LFA-V would be to maximize the force in the
direction of travel i.e. F'y . Hence the objective function

is:
max(S), S = Fy @)
T;.N;
We observe that if we do not impose any equality
constraints on Fy, we can drop row 2 of (7) and solve
the minimization problem (6) with the constraints:

4-C=D ®)

and constraints (2)-(4). Use of constraint (8) is possible
for the LFA-V since it allows for dynamics at the main
body in the vertical direction. We can set Fy to any

arbitrary positive value to achieve a desired acceleration
and control the pitch angle y to any desired value by

defining M, as:

My =ke+k e 9)

Pitch angle y

Contact angle 7,

Fig. 5. Plot of Fy showing no regions of infeasibility

Fig. 5 shows a plot of Fy as the solution of (7) with

constraints (11) and (3)-(5). It reveals that there is no
infeasible set of conditions in the scanned region of

0<y <60°, 0<y,<90° for y; =0 with no limits for

the linear force actuator force F“ . If actuator force
limits are imposed, feasible solutions would still result.
Hence theoretically it is possible to traverse all terrain by
using the modified constraint equation (10).

The feasibility space modifications are due to two
primary reasons: (i) the matrix A; for the LFA-V is

different from A; due to the kinematic differences

between the LFA-V and the fixed suspension vehicle,
and (ii) the LFA-V allows for dynamics in the vertical
direction. The important difference in the feasibility plot
is that the infeasible region with low pitch angles and
high contact angles present in Fig. 3 is not present. These
conditions can be easily encountered in uneven terrain.
Since in the LFA-V, we are allowed to specify a zero
pitch angle requirement, the conditions at higher pitch
angles are not of much practical usage. The plot in Fig. 5
indicates that at pitch angles of interest, a force Fy > Wg

would result in a greater forward driving force Fy .

Also it is to be noted that at higher pitch angles in Fig.
5, we observe Fy =0. Hence we have two distinct

regions, at sufficiently low pitch angles Fy correspond

to values greater than the weight of the main body while
at higher pitch angles it is zero. The region where
Fy =0 corresponds to conditions that were infeasible if

instead of (8) we were to use (6). This physically means
that the main body would have to move downwards
under gravity for those conditions of pitch and contact
angle. This is completely possible in the case of LFA-V.
However the subtle point to be remembered is that we
have neglected the weights of the components other than
the main body here. Therefore in reality, if the weights of
the suspension components and wheels were to be taken
into account, the vehicle would not be able to traverse the
surface under these conditions. But in case of the LFA-V,
only the inertia of these components would cause the
vehicle to decelerate as it moved though these conditions.
Hence if the vehicle has a finite speed, it would in most
cases overcome the terrain. However as mentioned
earlier, these conditions of high pitch angles are not of
much significance for the LFA-V.

It can be seen that by using F; = N, /cos(y; —v),

F,-A increases to infinity as cos(y; —) decreases to 0.

Hence for practical purposes with a finite force actuator,
certain conditions of the pitch angle and contact angle
would still yield no solution. It is for this reason that we
suggest a different mechanical structure such that the
force actuator can generate force normal to the contact

surface i.e. F; ,~A = N, . In this case since an upper bound

on N; can be imposed, F,-A remains bounded and a
practical force actuator can be realized.
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IV. SIMULATION RESULTS

The simulation was done using Matlab Simulink and
MSC Visual Nastran. The surfaces used as terrain were
higher-order continuous surfaces such as B-splines.

Fig. 6 shows the LFA-V negotiate terrain for which no
solution exists if (6) is used and FYy is fixed by the use of
an equilibrium constraint of the main body in the vertical
direction. Although theoretically this constitutes a
feasible condition space for the LFA-V, in our analysis
we neglected resistances and masses of the suspension
which are present in the simulation. For the terrain shown
in Fig 6, these factors are sufficient to prevent forward
motion of the vehicle. From our inference in the previous
section, a force Fy =Wg+a , where alpha is positive,
increases Fy and hence overcomes resistances. Hence in
the simulation in Fig. 6 dynamics is introduced into the
main body using o =0.5 and the vehicle successfully
traverses the surface. Fig. 7 shows the time history of «
as the vehicle moves over the terrain.

-
®

)

Fig 6. The LFA-V overcoming a steep slope
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Fig. 7. Time History of a

It is also possible to control the posture and motion of
the vehicle by defining Fy, M, and Fy based on set

point values of parameters height # and pitch angle y .

Fy =k,é+k,e+Wg (10)
where e=hy; —h, and
My =k,é+kye an

where e=y, ; -y
and Fy setto any desired positive value.

Further {T},N,T,,N,}can be solved by using (6) in
conjunction with an equal traction constraint, 7} =7, .

The equal traction constraint, often also used in
automobiles makes matrix A invertible. This makes the
control computationally inexpensive. Fig. 8 describes one
such simulation. However the satisfaction of the
inequality constraints mentioned previously is not
guaranteed by this method. Therefore as in [9] it is
applicable only in feasible contact conditions described
earlier.

Hence the force control methodology using the normal
contact force and traction forces work satisfactorily to
maintain posture and ensure the vehicle traverses the
terrain. Thus an alternate solution to control the posture
of a WAAV such as the LFA-V is provided, based on the
contact forces at the contact points, which can also be
utilized in terrain conditions difficult to traverse.

3

Fig. 8. Illustration of the simulation with y,=0, h=hy

V. CONCLUSIONS AND FUTURE WORK

It is formally understood that rigid or fixed suspension
vehicles are unsuited for successful operation under
certain terrain conditions. This brings out the primary
motivation for using WAAVs to maximize traversability
of the terrain. Therefore a method based on controlling
the contact forces responsible for causing the motion of a
WAAV like the LFA-V is developed. This provides a
strategy for successfully traversing a terrain and also
controlling the posture of the vehicle.

As future work, we plan to build a physical
implementation of a system utilizing the force control
methodology. The force actuator element to generate the
required contact forces for the physical implementation
has been identified as a 2-dof leg with a wheel (leg-
wheel) as the end effecter. Control for this leg-wheel has
been formulated to generate required normal contact
forces, which has been studied in past research. Also
extension to deformable surfaces of contact, particularly
for outdoor field environments is needed.
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