
Power Modeling of a Skid Steered, Wheeled
Robotic Ground Vehicle

Oscar Chuy Jr., Emmanuel Collins Jr., Wei Yu, and Camilo Ordonez

Abstract— Analysis of the power consumption of a robotic
ground vehicle (RGV) is important for planning since it enables
motion plans that do not violate the power limitations of the
motors, energy efficient path planning, prediction of the ability
to complete a task based upon the vehicles’s current energy
supply, and estimation of when the vehicle will need to refuel
or recharge. Power modeling is particularly difficult for skid
steered vehicles because of the complexities of properly taking
into account the skidding that is used for vehicle turning. This
paper begins with a 2-dimensional, second order differential
equation of a skid steered, wheeled RGV and shows that the
power model is terrain dependent and is a function of both the
turning radius and linear velocity of the vehicle. This model is
verified experimentally, and a comprehensive set of experiments
was performed to describe the power consumption of a skid
steered RGV on asphalt.

I. INTRODUCTION

Many robotic ground vehicles (RGVs) are developed for
outdoor tasks and missions that require high levels of au-
tonomy. They can be used in applications such as search
and rescue, exploration, surveillance, agriculture, mining, etc.
In practice, an important ability for motion planning and
successful task completion is the ability to predict power
consumption. In particular the development of vehicle power
models aids in four important areas of robot motion planning:

1) Motion planning that avoids vehicle immobilization by
taking into account vehicle power limitations. For ex-
ample, it will enable the planner to avoid commanded
velocity and turn radius combinations that are not
executable. This is especially important as the speed
of autonomously operating RGVs increases.

2) Energy efficient path planning.
3) Prediction of the ability to complete a task based upon

the vehicle’s current energy supply.
4) Estimation of when to refuel or recharge.
Power models are especially important for outdoor vehi-

cles, which are often Ackerman steered or skid steered. This
paper addresses power modeling for wheeled (as opposed to
tracked), skid steered vehicles, which require a more complex
theoretical and experimental modeling processes due to the
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difficulty in modeling the power consumption due to turning
by skidding.

Research related to power and energy consumption of
RGVs is reported in [1], [2]. These works do not develop
explicit power models, but instead determine energy-efficient
trajectories. Ref. [2] focuses on straight line motion of a
skid steered RGV. This paper does not explicitly deal with
more general (curved) motion and the lack of explicit power
models means that this result is not applicable to three of
the four capabilities enumerated above.

The research presented in [3], [4] does develop explicit
power models for a differentially steered vehicle moving in
a straight line. It mentions that power models for general
motion can be derived from these results by assuming pure
rolling. However, this assumption, though reasonable for
differentially steered vehicles, is clearly invalid for skid
steered vehicles.

Ref. [7] does consider power modeling of a skid steered
tracked vehicle. The power consumption is expressed in
terms of the velocities of the left and right wheels. This
research essentially assumes that the power consumption is
linearly proportional to the linear and angular velocity of
the vehicle, where the proportionality constants respectively
represent the longitudinal resistance and moment of turning
resistance and are assumed to be independent of the turning
radius. However, analysis in [5], [6] clearly shows that the
moment of turning resistance varies with the turning radius
and can be considered constant only for a fixed turning
radius. Furthermore, the experiments presented in [7] yield
power model curves that are valid for only a small range
of turning radii (which enables the experimental results to
appear to satisfy the above assumption of turning radius
independence). Hence, the presented power model curves
capture only a relatively small portion of the overall power
model.

This paper describes a power modeling process for a skid
steered wheeled vehicle that, unlike the approach of [7],
begins with a standard second order differential equation of
the vehicle. Hence, this approach involves the intermediate
development of a dynamic model of the vehicle that may
be used for other planning problems that require a dynamic
model, for example, steep hill climbing. Because of this, it
is able to capture the interesting braking phenomena of the
inner wheels when the turning radius is sufficiently small, a
phenomena reproduced by the analytical modeling of [5], [6],
which develops a general theory for the motion of tracked,
skid steered vehicles on firm ground. The power model
curves are explicitly in terms of linear velocity and turning



radius, which is convenient for planning.1 In comparison to
[3], [4] this approach reduces the number of experiments
required to obtain the straight line power model since it is
known a priori that the power vs. velocity curves are straight
lines.

The most complete power model curves, which are given
in Section , are developed for asphalt terrains. However,
power models are inherently terrain dependent and this
terrain dependence is seen in some of the earlier power model
curves of Section III. Hence, for general outdoor use these
models must be developed for each of the terrains that the
vehicle is expected to traverse.

It should be mentioned that experiments that developed
curves of motor current vs. rate of turn (MCR) are described
in [8]. The MCR curves are similar to the torque vs.
turning radius curves of this paper. However, the purpose of
their development was to characterize terrain trafficability.
Although the authors do mention that power prediction can
be made using MCR curves, this analysis is not actually
pursued.

This paper is organized as follows. Section II presents
basic concepts needed for the development of detailed power
modeling of a skid steered vehicle and in the process
presents experimental results on power analysis for straight
line motion. Section III then presents and discusses detailed
power model curves for the experimental platform on asphalt.
Finally, Section IV summarizes the results and discusses
future research.

II. MOTION POWER ANALYSIS OF A WHEELED SKID
STEERED VEHICLE

This section presents basic concepts for power analysis of
a wheeled, skid steered vehicle moving in general motion.
It begins by describing the experimental vehicle used in
this research and then presents and discusses the terms in a
general dynamic model of a skid steered vehicle. Next, this
model is used to discuss basic concepts in power modeling.
Then, to illustrate some of these concepts, experimental
results are given for power modeling for the case of straight
line motion. The form of the curves for curved motion are
then discussed under the assumption of perfect rolling. This
leads to the correct form of the power curves.

A. Experimental Platform

As shown in Fig. 1, the experimental platform used in
this study was a modified PIONEER 3-AT. It is an outdoor
mobile robot and weighs 30 kg. It was modified to run on
the QNX realtime operations system with a control sampling
rate of 1K Hz. The mobile robot can be commanded with
linear velocity and turning radius, or linear and angular
velocity at the same rate as the control loop. This removes
a practical hardware limitation as mentioned in [8]. The
ability to input high command rates allows the robotic ground
vehicle to more precisely follow smooth trajectories, which

1(Note that the angular velocity ω is related to the linear velocity v and
the turning radius r by ω = v

r
.)

is an important feature to reduce energy expenditure during
acceleration and deceleration discussed in [2].

In order to experimentally determine the power consump-
tion of the vehicle, current and voltage sensors were installed
at the power supply, and the output of the two motor
drivers. This setup allows determination of the total power
consumption, which was composed of the motion power,
and the computing and sensing power consumption. The
motion power consumption was monitored through the motor
drivers. It should be noted that the experimental vehicle was
driven by four motors, two in each side connected in parallel,
and each pair of motors was driven by a motor driver. The
computing and sensing power can be derived by subtracting
the motion power from the total power.

B. Vehicle Dynamics

Following [9], consider the vehicle dynamics of a wheeled,
skid steered vehicle, expressed in the vehicle coordinates,
and given by the 2-dimensional, second-order differential
equation,

Mq̈ + C(q, q̇) + G(q) = τ , (1)

where the coordinates q are chosen such that q̇ = [v ω]T

with v and ω respectively the vehicle’s linear velocity and
angular velocity about the vertical axis of the body-centered
vehicle axes, τ = [F M ]T with F and M respectively
the applied force and torque about the vertical axis of
the body-centered vehicle axes, M is the inertia matrix,
C(q̇,q) = [FR MR] with FR and MR respectively the
longitudinal resistance and the moment of resistance about
the vertical axis of the body-centered vehicle axes, and G(q)
is the gravitational term. The first and third terms in (1)
can be derived analytically. However, the terrain dependent,
second term C(q, q̇) is very difficult to determine through
analysis based purely on physics. The approach of this
paper is to describe the force and torque associated with
C(q, q̇) by experimentally determined curves. Note that even
the complex theoretical analysis of [5], [6], which attempts
to describe C(q, q̇) analytically for tracked, skid steered

Fig. 1. Experimental Vehicle : Modified PIONEER 3-AT installed new
control system and power monitoring sensors



vehicles requires experimentation to determine three key,
terrain dependent, parameters of the derived model (rolling
resistance, coefficient of friction and sheer modulus).

C. Power Analysis Preliminaries

Given a desired vehicle trajectory (qd, q̇d, q̈d) the corre-
sponding force/torque vector can be determined based on (1)
and is given by

τd = Mq̈d + C(qd, q̇d) + G(qd). (2)

The power P required to track the trajectory is then given
as

P = q̇d
Tτd. (3)

Substituting (2) into (3) then yields

P = q̇T
dMq̈d + q̇d

TC(qd, q̇d) + q̇d
TG(qd). (4)

From earlier discussion of (1) it follows that the first and
third terms on the right hand side of (4) can be determined
analytically. In this paper it is assumed that the vehicle
moves on a flat surface such that the third term is zero. The
second term, which is the power consumption due to rolling
resistance and the moment of turning resistance, dominates
the first term for long distance travel in which the vehicle’s
velocity does not frequently vary. The focus of this paper
is on experimentally obtaining power curves to describe
this term. These curves are obtained by commanding the
vehicle with constant linear velocities and constant turning
radii on flat ground. It should be mentioned that a practical
path tracking algorithm normally commands the vehicle with
constant velocity while changing the instantaneous center of
rotation to track the path as discussed in [10], [11]. This
essentially views a given path as a series of circular motions
of various radii and enables the results developed in this
paper to be applied to general motion.

Define PR to be the second term on the right hand side
of 4, i.e.,

PR = q̇T
dC(qd, q̇d). (5)

Then, since q̇T = [v ω] and C(q, q̇) = [FR MR],

PR = FRv + MRω. (6)

The velocity dependence of C(q, q̇) is negligible at low
speeds as discussed in [5].

D. Power Model Curves for a Skid Steered Vehicle in
Straight Line Motion

The assumption of pure rolling is a reasonable one for
wheeled skid steered vehicles in straight line motion. Since
ω = 0 in this case, it follows from (6) that

PR = FRv, (7)

and hence the power is dependent on the terrain dependent,
longitudinal resistance FR.

Experiments were performed on four terrains (asphalt,
gravel, grass and sand) to show the terrain dependent re-
lationship between power PR and velocity v. For each
terrain, a set of command velocities {vd,1, vd,2, . . . , vd,k}

Fig. 2. Preliminary experiments on power consumption of a robotic ground
vehicle on asphalt, gravel, grass, and sand in straight line motion.

was considered. Each experiment on a given terrain applied
one of these command velocities vd,i to the robot for 10 sec.
and the resulting power consumption PR was measured.

The power vs. velocity curves for the four terrains are
shown in Fig. 2, and, as expected, each of the curves shows
a linear relationship between power and velocity. However,
the slope of this linear relationship varies with the terrain.
In fact, the terrain curves are given from top to bottom in
order of increasing slope (i.e., power consumption). It should
be noted that the power displayed in Fig. 2 is for a single
drive system (left wheels) and the total motion power can
be determined by adding left and right drive systems, which
would essentially double the slopes of the curves.

E. Analysis of Curved Motion Assuming Pure Rolling

It is important to extend the analysis of vehicle power
consumption to curved motion. Below, we perform a pre-
liminary analysis under the assumption of pure rolling. This
assumption can be reasonably applied to an Ackermann
steered vehicle or a differentially steered vehicle, which
have some wheels that are passive and used for balancing.
However, this assumption is invalid for skid steered vehicles.
In this paper, the results of this analysis is used as an



Fig. 3. Representation of wheeled skid steering vehicle force/torque and
moment of turning resistance during curving

intermediate step in the analysis of power consumption for
skid steered vehicles in curved motion.

As shown in Fig. 3, consider a skid steered wheeled
vehicle moving in circular motion of radius r about point
G with a linear velocity v and an angular velocity of ω. In
Fig. 3 Fi and Fo denote respectively the force of the inner
and outer wheels. MR denotes the moment of resistance that
under the assumption of pure rolling is purely due to the
longitudinal resistances. It follows that under constant linear
and angular velocity

FR = Fo + Fi, (8)

MR =
B

2
(Fo − Fi). (9)

Substituting (8) and (9) into (6) and recognizing that w =
v/r shows that the power consumption is the function of r
and v given by,

P (r, v) = a(r)v, (10)

where
a(r) = (Fo + Fi) +

B

2
(Fo − Fi)

1
r
. (11)

Equations (10) and (11) show that, as would be expected,
the effect of the moment of turning resistance decreases as
the turning radius r increases.

F. Power Model of Skid Steered Wheeled Vehicle in Curved
Motion

The motion power consumption described by (10) was
derived under the assumption of pure rolling and hence does
not capture the effects of skidding. Here, it is assumed that
the actual power consumption is given by

P (r, v) = a(r)v + b(r), (12)

where from (11) it is assumed that for r2 > r1 a(r2) < a(r1)
and the term b(r) has been added to take into account the
effects of skidding and satisfies limr→∞ b(r) = 0, i.e., it is
negligible for straight line motion.

Preliminary sets of experiments were conducted on a vinyl
tile to verify (12). In each set of experiments the command
turning radius was fixed. Then, in each of the experiments

Fig. 4. Power versus velocity for different turning radius.

Fig. 5. Preliminary experiment result on the coefficient of the power model.
(a) slope of the power model (b) offset of the power model.

within that set, the vehicle was then commanded to move for
10 sec. at a given velocity. The results are shown in Fig. 4,
which clearly verify (12), i.e., for each turn radius the power
consumption increases linearly with velocity and there is an
offset that varies with the turn radius. Also, as expected,
as the turning radius increases, the slope of the power vs.
velocity curves decreases and the offset also decreases. Figs.
5(a) and 5(b) show respectively a(r) vs. r and b(r) vs. r. It
follows that for a given terrain, the power consumption can
be estimated by experimentally obtained estimates of a(r)
and b(r).

III. COMPREHENSIVE EXPERIMENTAL RESULTS FOR
MOTION ON ASPHALT

Comprehensive experiments were performed for the
experimental vehicle’s movement on asphalt. These
experiments consisted of a set of experiments in which
the vehicle was commanded with a linear velocity vd

and a turning radius rd, represented by cmd(vd, rd). This



Fig. 6. Torque versus command turning radius. The outer wheel shows
propulsion and inner wheel exhibits braking on small turning radius. Both
outer and inner wheel torques converge to the same value, which is the
longitudinal resistance times the wheel radius.

basic experiment was performed for all combinations
of vd and rd in the sets {0.1, 0.2, 0.3, 0.4, 0.6}m/s and
{5, 6, 7, 8, 9, 10, 15, 20, 30, 50, 100, 200, 300, 400, 500, 1000,
10000}m.

Plots of wheel torque vs. turning radius for both inner
and outer wheels are shown in Fig. 6 for three of the five
velocities.These curves are seen to be essentially indepen-
dent of the velocity. Also, notice that at sufficiently small
turning radii (approximately less than 2m), the inner wheel
shows braking while the outer wheel exhibits propulsion. In
addition, it is seen that a large force/torque was needed for
small turning radii. A zero turning radius was not considered
in the experiments due to a power constraint on the vehicle
motors, which led to vehicle immobilization when a zero
turning radius was commanded.

Wheel torque vs. turning radii curves are also devel-
oped via theoretical analysis in [5] for skid steered tracked
vehicles. The results of [5] were verified with published
experimental results, but this correlation required careful
tuning of three parameters, rolling resistance, coefficient of
friction, and shear modulus, the latter which is particularly
difficult to measure. The curves in Fig. 6 appear identical in
form to those of [5]. The research reported here found that
that the curves for the inner and outer wheels can be fit with
an exponentially decaying function of the form,

T (r) = T∞ + Tαe−β log(r+1) (13)

where T∞ = T (r) as limr→∞ and α and β are also model
dependent constants. Curves such as those shown in Fig. 6
can be used to define the term C(q, q̇) in (1). Once we
know the wheel torque, the power consumption can easily
be determined by multiplying this torque with the angular
velocity of the wheel. However, power loss due to skidding
cannot be captured with this approach.

Fig. 7. Outer wheel power surface on asphalt for different velocity and
turning radius.

Fig. 8. Inner wheel power surface on asphalt for differen velocity and
turning radius.

Fig. 9. Power model evaluation on asphalt. The command velocity was
0.5 m/s several command turning radius were considered.

A. Power Modeling Curves for Curved Motion

Recall that we have already shown that the power model
can be represented in the form (12). Furthermore, this



research has found that a(r) and b(r) can be represented
by the same functional form of the wheel torques in (13),
that is

a(r) = a∞ + aαe−aβ log(r+1) (14)
b(r) = b∞ + bαe−bβ log(r+1) (15)

Based on the power data taken from the experiments, the
parameters of the power model described in (14)-(15) were
determined using a MATLAB optimization function called
lsqnonlin. These parameters were determined such that
the sum of the error square between the model and the actual
power data was minimum. The parameters of the power
model for both inner and outer wheels are shown in Table I.
In addition, the parameters of the power model used in the
preliminary experiments as mentioned in Sec. II are shown
in Table II.

Power surfaces for the inner and outer wheels were created
as a function of command linear velocity and turning radius,
and these are shown shown in Fig. 7 and Fig. 8. These
power surfaces describe the operating power of the inner and
outer wheel drive systems for a large range of linear velocity
and turning radii. These surfaces can be used to determine
whether a commanded vehicle velocity and turning radius
violate the power limits of the vehicle.

Negative power is sometimes associated with the inner
wheel while the power of the outer wheel is always positive.
However, it should be recognized that the negative power
still drains energy from the battery. Hence the negative sign
simply means that the direction of the applied torque is
opposite to the direction of motion.

TABLE I
POWER MODEL PARAMETERS (ASPHALT)

a∞ bα aβ b∞ bα bβ

Inner
Wheel 7.5313 -170 2.5507 0.006 500 7.7136

Outer
Wheel 10.2208 250 2.2187 0.03397 300 4.818

TABLE II
POWER MODEL PARAMETERS (VINYL FLOOR)

a∞ bα aβ b∞ bα bβ

Inner 7.2772 -100 2.0404 -0.004 250 7.0894
Wheel

Outer 9.8043 300 2.6260 0.01263 35.32 2.9796
Wheel

B. Evaluation of the Power Model Curves

The power model of the robotic ground vehicle on asphalt
was evaluated by considering a constant command velocity
for various turning radii Fig. 9 shows the power evaluation
with a command velocity of 0.5 m/s for several turning radii.
The results show a similar power trend as turning radius was

TABLE III
POWER EVALUATION ON ASPHALT BASED ON (MAE) MEAN OF

ABSOLUTE ERROR

Linear Vel. (m/s) 0.25 0.50 0.75

MAE
Inner Wheel 0.28 (W) 0.29 (W) 0.45 (W)

MAE
Outer Wheel 0.47 (W) 0.48 (W) 0.85 (W)

increased. Table III shows the mean of absolute error for
command velocity {0.25 0.5 0.75}m/s. It should be noted
that the command velocities on the evaluation were not used
on the modeling. The evaluation results clearly show the
validity of the power model.

C. Application of the Power Model Curves

The experimental robotic ground vehicle used in this study
had a maximum linear velocity of 0.9 m/s on asphalt. Hence,
a command from a path planner of 0.4 m/s and a turning
radius of 2 (m), which will be denoted as cmd(0.4,2.0)
should not pose any problem based on the velocity limit
of the vehicle. In the implementation of cmd(0.4,2.0), it was
observed that the vehicle was way off with respect to the
desired path. Fig. 10 shows the outer wheel power surface
and the power limit. It can be observed that the command
cmd(0.4,2.0) violates the power limit of the vehicle and leads
to torque saturation. Fig 11 shows the actual and commanded
linear velocity of the vehicle.

In practice, a path planner can incorporate power models
to determine executable command velocity and turning radius
for the vehicle, which yield vehicle power consumption
within the power limits. In addition, it should be noted that a
vehicle has a different maximum velocity for each terrain and
should be incorporated to the path planner using models. The
aforementioned example clearly shows that the kinematic
model is not enough to plan outdoors.

IV. CONCLUSION

Beginning with a standard vehicle model, this paper
presented an approach for experimentally developing the
power model of a skid steered, wheeled RGV. The model
characterizes the power consumption of the inner and outer
wheels in terms of the linear velocity and turning radius
of the RGV. The power model was used to determine
combinations of linear velocity and turning radius that violate
the power limitations of an RGV actuator, which can lead
to unexpected vehicle behavior. The power model is terrain
dependent and hence the power curves will differ for the
vehicle’s motion on different terrains.

Future work will use the power models for energy efficient
path planning. Another goal of future research is to reduce



Fig. 10. Power surface of the outer wheel and the power limit of the outer
wheel drive system.

Fig. 11. Command and actual linear velocity of the vehicle for cmd
(0.4,2)

the number of experiments that are needed to develop the
power models.
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