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Abstract— Autonomous mobile robots have limited energy
sources. This work studies power consumption of the locomo-
tion system of wheeled skid-steer vehicles on hard horizontal
terrain at walking speeds. This issue is very important for
this kind of vehicles due to relevant power losses associated
to dynamic friction during turnings. The paper adopts a
kinematics approach to provide a simplified power model. This
static model estimates motor power consumption as a function
of the left- and right-side wheels’ speeds. The model is defined
through three constant parameters: the x-coordinate of the
treads’ instantaneous center of rotation on the ground plane,
a traction resistance constant, and the ground-wheel friction
coefficient. Furthermore, a simple experimental identification
procedure is proposed to obtain the model parameters. A power
analysis of the four-wheel skid-steer mobile robot Quadriga has
been performed with different loads on concrete and marble
floorings.

I. INTRODUCTION

Wheeled skid-steering is based on controlling the relative
velocities of the left and right side drives, similarly to
differential drive vehicles. However, since all wheels are
aligned with the longitudinal axis of the vehicle, turning
requires wheel slippage. Wheeled skid-steering presents two
major advantages over alternative wheel configurations, such
as Ackermann or axle-articulated. First, it is simple and
robust, as it uses only the mechanical components needed
for straight line motion. Second, it provides better maneu-
verability, including zero-radius turning [1].

This locomotion system is found in heavy vehicles for
agriculture [2], construction, and military operations [3] [4],
and also in much lighter mobile robots [5]. Field applications
of wheeled skid-steer unmanned ground vehicles include
planetary exploration [1], reconnaissance of dangerous areas
[6], and search & rescue [7], which require a high degree of
autonomy with limited power sources.

In this kind of robotic vehicles, power consumption is very
important due to relevant power losses associated to dynamic
friction during turnings [8]. To reduce these losses, active
wheel suspension can be applied when turning [9].

A power consumption model can be very valuable for
effective autonomous mission planning and execution. For
example, it can be used to predict when the vehicle needs
to be recharged, to find out whether a given task can be
completed with the available energy, or to ascertain if motors
can provide sufficient power to follow a trajectory (i.e., speed
and curvature) on a given terrain.
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A power model based on a dynamic analysis has been
recently presented for a commercial research platform [10].
However, this model does not consider turning on spot,
which is the most power demanding case. A comprehensive
static model for skid power consumption was proposed in
[11] for tracked vehicles.

This paper proposes a static power consumption model for
wheeled skid-steering robotic vehicles. This model, which is
a development from [11], is based on approximate wheeled
skid-steer kinematics [12]. The simplified model, which is
defined by three constant parameters, relates motor power
consumption with the left- and right-side wheels’ speeds.
Furthermore, the paper offers an easy experimental procedure
to obtain the model parameters. This method has been
applied to the case study of the Quadriga mobile robot with
different loads on concrete and marble floorings.

Following this introduction, section 2 reviews kinematics
for wheeled skid-steer mobile robots. Section 3 states a
simplified power consumption model for this kind of vehi-
cles and proposes an experimental procedure for parameter
identification. Section 4 analyzes results from the Quadriga
mobile robot case-study. Section 5 is devoted to conclusions
and ideas for future work. Finally, acknowledgements and
references complete the paper.

II. KINEMATIC APPROXIMATION

This section briefly reviews the work presented in [12],
where approximate kinematics for wheeled skid-steer vehi-
cles is obtained as a function of the Instantaneous Centers of
Rotation (ICRs) of the left and right side wheel treads on the
2D ground plane. These tread ICRs, which are different from
the vehicle’s single ICR, represent the positions of a pair of
equivalent differential drive ideal wheel contact points, as
illustrated by Fig. 1.

Let us assume that the local frame of the vehicle has its
origin in the geometrical center of the convex area spanned
by the wheels’ contact points and its Y axis is aligned with
the forward motion direction (see Fig. 1). The XY plane is
defined to be parallel to the ground plane.

Local vectors can be defined as C! and C" for the left and
right tread ICRs, respectively. Their coordinates are Clr =
(C’i’r, Cy, 0), where [,r denotes any of both treads. Both
ICRs have the same Y coordinate C), since they lie beyond
their corresponding tread centerlines on a line that is parallel
to the local X axis.
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Fig. 1.

Tread ICRs on the motion plane represented as virtual wheels.

The local coordinates of tread ICRs are dynamics-
dependent. Nevertheless, they remain within a bounded area.
When the vehicle moves at walking speeds, optimized con-
stant values for tread ICR positions can be obtained from
experimental identification [12].

Tread ICR positions depend on terrain type and vehicle
design, especially on the position of the center of gravity
and on the wheel type. Tire pressure also affects tread ICR
coordinates.

With this kinematic approximation, the angular speed of
the vehicle w, can be calculated as:

Vr Vl

ot (1)

Wy =

where Vyl and V" are the longitudinal speeds for the left and
right side wheels, respectively.

III. MOTOR POWER CONSUMPTION MODELING AND
IDENTIFICATION
A. Simplified Power Consumption Model

Using a derivation similar to [11] and assuming a punctual
contact point for each wheel, the power lost due to slippage
Pg can be approximately modeled as:

Ps = pufuw.| Z (

Val:m

Olar=aty, @

where g is the friction coefficient, a represents the contact
point of a wheel, @ is the coordinate vector of a relative to
the local frame, and p(a) is the pressure under each contact
point a.

Apart from dynamic friction, the motors have to provide
power for other traction resistances. These include frictions
caused by the deformation of the wheels and soil-shearing,
and internal frictions of the transmission belts and the
gearheads. At walking speeds, the power drawn due to these
factors Pr can be modeled approximately as proportional to
the absolute value of the tread speeds, as follows:

Pr =K (V[ +|V])), 3)

where K denotes the proportional traction resistance constant
[11].

Therefore, the total mechanical power provided by the
motors Py, can be estimated as the sum of (2) and (3):

Py = Ps + Pp. 4

B. Experimental Identification

To obtain a simplified motor power consumption model
for a wheeled skid-steer mobile robot on flat hard terrain at
walking speeds, the following experimental procedure can
be performed.

First, it is necessary to identify local coordinates of the
tread ICRs. In most cases, it suffices to consider symmetric
tread ICRs, where C? = —C! = C, and C,, = 0. Coordinate
C, can be estimated by measuring the total rotated angle ¢
when equal opposite speeds are applied to both treads [12]:

. [Vat
Cy P &)
where V = V7 = -V,

Second, the local coordlnates of the contact points of the
wheels on the ground @ have to be determined. Also, the
punctual pressure under these points p(a) has to be measured
in force units.

Third, a representative path has to be executed to obtain
identification data. Especially, spiral-like paths can be of
interest because they offer a comprehensive combination of
wheel speeds, from straight line motion to turning on spot.
In particular, the following data should be collected:

o The longitudinal speeds of the left and right side wheels:
vbr,
. T%le total mechanical power delivered by the motors:
P]yj.
Finally, experimental data is used to optimally adjust
parameters K and p by evaluating (4) and comparing it with
the measured value of P,.

IV. CASE STUDY: APPLICATION TO QUADRIGA

Quadriga is a 4-wheel skid-steer mobile robot (see Fig.
2). Its dimensions are 0.82m length, 0.64 m width, 0.47 m
height. The vehicle weights 83.1 kg when carrying an empty
641 water tank, and its payload is 90kg. The distance
between the front and rear wheel contact points is 0.475 m.
The wheels are pneumatic tires of 35.5cm diameter and
have rigid suspension. Distance between left and right wheel
contact points is L = 0.5 m. Quadriga has a maximum linear
speed of 1.2m/s.

A scheme of Quadriga’s drive system is shown in Fig.
3. This system uses two permanent magnet DC motors,
equipped with gearheads and optical quadrature shaft en-
coders. Wheels at each side are mechanically coupled by
a chain transmission. Motors are controlled by an embed-
ded board that integrates a microcontroller (uC) and two
independent H-bridge power stages. Power is supplied by a
36V battery pack, which is composed of six 12V lead-acid
batteries connected in a series-parallel configuration.
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Fig. 2. The Quadriga mobile robot on marble flooring with a water tank.

The motor power stages employed in this vehicle are
regenerative, which means that most electric power can be
transferred back to the batteries a motor acts as a generator
(i.e., motor power consumption is negative [11]).

Hall Effect current sensors have been installed to measure
the instantaneous power consumption of each motor P!
Py,. With this configuration, measurements are not affected
by the consumption of other vehicle components unrelated
to the traction system. Thus, the total mechanical power of
the traction system P;; can be calculated as:

Py = P, + Py (6)

Data acquisition and high level motion control are per-
formed by a compact onboard computer using a LabVIEW
program. This computer interfaces with the embedded motor
controller and the current sensors through two serial links.
Manual operation is possible through a wireless joystick.

o
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-

36V Battery
pack

controller

Fig. 3.

A. Experimental Power Model

The experimental model has been estimated on two terrain
types: marble flooring and concrete, and with the water tank
full and empty.

The first step in the power model identification procedure
is estimating the local z-coordinate of the tread ICRs.
Applying (5) with data from turning on spot experiments
has given the same C, = 0.47m for the four terrain-load
combinations.

The pressure under each wheel has been measured with
four scales for the full and empty water tank cases (see Fig.
4). In both cases, the center of gravity is almost coincident
with the origin of the local frame of the vehicle (see Table I).
This fact supports the assumption of symmetric tread ICRs
[13].

TABLE I
LOCAL COORDINATES OF THE CENTER OF GRAVITY FOR THE FULL AND
EMPTY TANK CASES.

|| Full | Empty
2z (cm) [[ 0.05 [ —0.06
y (cm) 2.02 0.89

The summation in (2) is a constant value if constant tread
ICR positions are assumed. For Quadriga, this constant is
466 Nm and 264 Nm for the full and empty tank cases,
respectively.

With data acquired from a manually guided spiral-like
path, parameters K and p can be easily identified by using
the Simplex optimization method [14]. The cost function to
be minimized is based on the error between (4) and (6):

J(K, ) = |Pu(t; K, p) — Pu(t)]. (7)
vt

Figure 5 presents measurements from the experiment on
marble flooring with the full tank. Note that in the interval
from 7s to 17s, the left and right side wheels move forward
but with different speeds. This provokes that the right side
wheels are dragged by the faster left side [11]. Therefore, the
right motor is acting as a generator as shown by its negative
Py, values. This does not happen when wheel speeds are

similar or have opposite signs.

Gearheads

Left side wheels

Drive system scheme of Quadriga mobile robot.
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Fig. 4. Punctual pressure distribution under each wheel with the water
tank empty and full.
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Fig. 5. Experimental data from manually guided spiral-like path with
marble flooring and full tank: a) Motor power consumption, and b) wheel
speeds.

Table II shows the resulting parameters for the four
case study combinations. As for the friction coefficient p,
estimations corroborate that it only depends on terrain type,
with a higher value for concrete. The value of K is slightly
affected by load and terrain type. With the hoisted vehicle,
the estimation of this parameter renders 59 N, which reveals
that internal frictions are a very relevant component of the
traction resistance.

TABLE I
VALUES OF K AND g FOR THE FOUR TERRAIN-LOAD COMBINATIONS.

K—up || Full | Empty
Marble 110N — 0.431 90N — 0.427
Concrete 118 N — 0.647 | 113N — 0.627

B. Experimental validation

A manually driven 8-shaped path has been considered for
experimental validation of the four case-study models. A
comparison between the measured and model-based values
of P,y is offered in Figs. 6-9 for the corresponding four
paths. The inputs of the model, i.e., the left- and right-side
wheel speeds, are also shown.

In general, even if the model does not reproduce high
frequency power consumption variations, the model-based
estimations closely resemble the measured values for all the
wheel speed combinations in the validation paths. As this is
a static model, the highest estimation errors occur in instants
when motors have high acceleration values (e.g., around 33 s
in Fig. 6).

The figures also present a comparison of the integrals
of actual and estimated power consumption (i.e., energy
consumption during each experiment). Note that the high
frequency variations have no visible effect on energy estima-
tions. With the exception of errors due to high accelerations,
the energy estimation offered by the simplified model is quite
accurate.

V. CONCLUSIONS

Power consumption is a very important issue for skid-
steer robotic vehicles due to relevant power losses associated
to dynamic friction during turning. This work has proposed
a simplified power consumption model for wheeled skid-
steer robotic vehicles on hard horizontal ground at walking
speeds based on a kinematics approach. This static model
provides an estimation of motor power consumption as a
function of the left- and right-side wheels’ speeds. The model
is defined through three parameters: the x-coordinate of the
treads’ ICR, a traction resistance constant, and the ground-
wheel friction coefficient.

A simple experimental procedure has been proposed to
identify the three model parameters. First, a turn-on-spot
experiment can be used to estimate the treads’ ICR. Then,
data from a simple spiral-like path is fed to an optimization
method to obtain the traction resistance constant and the
friction coefficient.

This model and the identification procedure have been
validated on the four-wheel skid-steer Quadriga mobile robot
with four combinations of load and terrain types. Results
have shown that this simple model closely resembles mea-
sured power consumption in test paths.

Future work includes testing the power model in other
terrains, such as asphalt. It would also be interesting to
extend the model so as to incorporate the effect of wheel pas-
sive suspension on irregular terrain. Moreover, an automatic
online implementation of the identification procedure would
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Fig. 6. Validation path on marble flooring with empty tank: a) Wheel speeds, b) Simulated and measured instantaneous mechanical power, and c¢) Integral
of simulated and measured power.
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Fig. 7. Validation path on marble flooring with full tank: a) Wheel speeds, b) Simulated and measured instantaneous mechanical power, and c) Integral
of simulated and measured power.
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Fig. 8. Validation path on concrete with empty tank: a) Wheel speeds, b) Simulated and measured instantaneous mechanical power, and c) Integral of
simulated and measured power.
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Fig. 9. Validation path on concrete with full tank: a) Wheel speeds, b) Simulated and measured instantaneous mechanical power, and c) Integral of
simulated and measured power.
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be valuable to recalculate model parameters in missions
where terrain type is unknown.
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