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ABSTRACT

Skid-steered robots are commonly used in outdoor appli-
cations due to their mechanical simplicity, high maneuverabil-
ity, and robustness. The maneuverability of these robots allows
them, under ideal conditions (e.g., flat terrain and powerful ac-
tuators), to perform turning maneuvers ranging from point turns
to straight line motion. However, sloped terrain, terrain with
high friction, or actuator torque and power limitations can limit
the achievable turning radii. This work presents the analysis and
experimental verification of a dynamic model for skid-steered au-
tonomous ground vehicles equipped with non ideal (i.e., torque
and power limited) actuators and moving on sloped terrains. The
experimental results show that the model is able to predict mo-
tor torques for the full range of turning radii on flat ground, i.e.,
from point turns to straight line motion. In addition, it is shown
that the proposed model is able to predict motor torques (includ-
ing motor saturation) and minimum turn radius as a function of
terrain slope, vehicle heading, terrain parameters and actuator
characteristics. This makes the model usable for curvilinear mo-

tion planning tasks on sloped surfaces.

1 INTRODUCTION
Challenging tasks on outdoor terrains such as search and res-

cue, construction, and mining to cite a few, require highly versa-
tile and maneuverable vehicles able to navigate on different ter-
rains and perform maneuvers that involve movements from sharp
turns to linear motion. For this reason along with the mechan-
ical robustness and simplicity, skid-steered vehicles have been
the vehicles of choice for many of these applications. Mobile
robots have also followed the same trend and skid-steered robots
are today one of the most commonly employed mobility plat-
forms. However, as any real platform, skid-steered robots have
some important limitations. First, as indicated by their name,
these platforms must slip and/or skid in order to turn, which in
turn makes them less predictable than, for example, differen-
tially driven robots. Second, while performing sharp turns, the
required motor torques increase significantly when compared to



Figure 1. MODIFIED PIONEER 3-AT ON INCLINED WOODEN PLAT-
FORM.

straight line motion, which can lead to actuator saturation. This
results in degraded performance (e.g., the robot cannot track the
desired turn radius or a desired velocity profile).

Figures 1 and 2 illustrate this phenomenon. The modified
Pioneer 3-AT robot shown in Fig. 1 was placed on a 10◦ in-
clined hill and was commanded to perform a turn of 0.4m radius
at a constant speed of 0.2m/s. However, as shown in Fig. 2 the
vehicle was not able to track the commanded velocities due to
actuator saturation. Notice that during the first 5 seconds the ac-
tual angular velocity is almost zero as the saturated torques were
not enough to rotate the vehicle. Furthermore, as shown in Fig.
2, after time t = 6s, the robot velocity drastically overshot the
commanded velocity because the actuators came out of satura-
tion and the velocity tracking error had grown significantly while
in saturation. It is important to note that this situation caused the
robot to lose control and it constitutes therefore an important mo-
tivation for developing and employing robot models that capture
the dynamics of turning. In addition, a dynamic model, such as
the one proposed in this paper can then be employed by motion
planners to generate trajectories that avoid actuator saturation,
resulting in predictable robot motion.

Previous work on dynamic modeling of skid-steered robots
includes [1–5]. In [3] and [4] a thorough study of tracked ve-
hicle dynamics during turning on firm ground was conducted.
Wong’s dynamic model is based on the relationship between
shear stress and shear displacement and was shown to be able to
predict sprocket torques significantly more accurately than previ-
ous models based on Coulomb’s friction, in which shear stress is
assumed to be constant for all turning radii [6]. In [4] the model
is validated using four speed groups, with each group spanning
speeds in a 5km/h range. Wong’s model validation showed that
although sprocket torques depend on speed, their variation with
speed is negligible within each speed group. Though the study
provided by Wong provided detailed analysis of vehicle dynam-
ics, it was limited to tracked vehicles and did not considered ac-
tuator limitations or sloped surfaces.

Even though, the model of [4] was intended for hard sur-
faces, the research of [1] simulated Wong’s original model and

Figure 2. VEHICLE VELOCITY TRACKING ERROR DUE TO ACTUA-
TOR SATURATION WHEN COMMANDED WITH A LINEAR VELOCITY
OF 0.2m/s AND TURN RADIUS OF 0.4m.

tested its validity on soft ground using previously published ex-
perimental data. However, the model was validated for only a
small set of turn radii (10−30m) and on flat ground. The model
of [4] was extended in [5] for wheeled skid-steered vehicles and
validated its performance on a vinyl surface for turn radii (R)
exceeding the vehicle hull (i.e, R > B

2 , where B is the vehicle
width).

The research of [2] and [7] developed dynamic models
for skid-steered vehicles. However, they both were based on
Coulomb’s friction, which limits the models to only small turn-
ing radii. Also, the effect of sloped surfaces was not discussed.

Regarding robot dynamic models and its application on hills,
an experimental model to determine braking forces on hills with
the aim of predicting stopping distances was proposed in [8].
However, the work was limited to linear motion. Perhaps the
closest work to our current research was developed in [9] and
[10], where trafficability and mobility for rovers on sloped terrain
were analyzed using a terramechanics-based approach. How-
ever, the studies of [10] were developed for all-wheel steered
vehicles moving on soft ground, which require a different wheel-
terrain interaction model. Therefore, the research of this paper
and the research of [10] are complementary. In addition, the
work of [10] did not explicitly discuss the dependence of vehicle
torques on turn radius.

The main contributions of the present work are the exten-
sion of the model presented in [5] in the following ways: first,
the model is extended and validated to handle the full range of
turn radii. It is important to note that the robotic platform used
in [5] was 12kg heavier and was not capable of performing turn
radii smaller than the vehicle hull. Second, the model is extended
and validated to handle curvilinear motion on hills. Finally, ter-



Figure 3. STEADY STATE TURNING MANEUVER OF SKID STEERED
WHEELED VEHICLE.

rain dependent minimum turn radius (MT R) prediction curves
are introduced and their applicability to path planning on sloped
terrains is discussed.

The remainder of the paper is organized as follows. Section
2, presents the proposed dynamic model. Section 3 includes ex-
perimental results and a description of the MT R curves. Finally,
Section 4 presents concluding remarks and future work.

2 DYNAMIC MODEL
Following [5], the dynamic model for a skid-steered vehicle

performing a turning maneuver (see Fig. 3) can be expressed in
terms of wheel states and is given by

Mq̈+C(q, q̇)+G(q) = τ, (1)

where q = [θi θo]
T is the angular position of the inner and outer

side wheels respectively, q̇ = [wi wo]
T is the angular velocity of

the inner and outer wheels, τ = [τi τo]
T is the torque of the in-

ner and outer motors, M is the mass matrix, C(q, q̇) is the re-
sistive, and G(q) is the gravitational term. Here, we concen-
trate on steady state maneuvers and therefore Mq̈ = 0. It is im-
portant to note that the proposed model considers only the slip-
ping/skidding introduced due to steering and assumes that for
linear motion pure rolling is satisfied.

In order to capture the ground-wheel interaction it is neces-
sary to model the term C(q, q̇) of Eq. (1). Here, we base our
analysis on the model initially proposed in [3] for tracked vehi-
cles and extended on [5] for wheeled skid-steered vehicles mov-
ing on flat ground. However, in this work, the C(q, q̇) model
is extended to capture the frictional forces involved in the full
range of possible turn radii and also the effect of terrain slope
and vehicle heading.

The modeling of the terrain ground interaction is based on
the relationship between shear stress τss and shear displacement
j given by [3]

τss = pµ(1− e− j/K), (2)

where p is the normal pressure, µ is the coefficient of friction,
and K is the shear deformation modulus. It is then possible to
compute the longitudinal frictional forces on each side of the ve-
hicle by integrating Eq. (2) over the contact patch of each wheel
(shaded areas in Fig. 3).

Assuming that the vehicle turns with constant angular veloc-
ity Ωz about a center of turn O with turn radius R′ as illustrated
in Fig. 3, it is possible to compute the shear displacement for the
outer and inner vehicle sides along the X and Y directions. The
vehicle of Fig. 3 is assumed to have wheels of radius r, wheel
base L, track width B, and wheel contact patches of size pl × b.
The contact patches were measured using the Tekscan pressure
measurement system [11], which employs an array of pressure
sensors placed under the tire to generate a profile of its imprint
on the surface. Although the actual shape of the contact patch is
elliptical, it can be closely approximated by a rectangular shape.
In addition, since the tire pressure was maintained constant at
a high value of 20psi, it is assumed that the size of the contact
patches remain constant for all experiments. For generality sake,
the vehicle is assumed to have an off centered center of gravity
(CG) located at (Cx, Cy) and a center of turn shifted by an amount
So from the CG. Table. 1 lists the key parameters involved in the
robot model.

Following [3] and the conventions of Fig. 3, the shear dis-
placements for the inner side (front and rear) wheels at a point
(xi,yi) are given by

jXi f = (R′′− B
2
−Cx + xi)cos

(
(na− yi)Ωz

rwi

)
− (

l
2
−Cy−S0)+ yi cos

(
(na− yi)Ωz

rwi

)
,

(3)

jYi f = ((R′′− B
2
−Cx + xi)sin

(
(na− yi)Ωz

rwi

)
− (

l
2
−Cy−S0)+ yi cos

(
(na− yi)Ωz

rwi

)
,

(4)

ji f =
√

jX2
i f + jY 2

i f , (5)

where na =
l
2 −Cy−S0, R′′ = R′ cosβ and l = 2(L

2 +
pl
2 ).

jXir = (R′′− B
2
−Cx + xi)

{
cos
(
(nb− yi)Ωz

rwi

)
−1
}

− yi sin
(
(nb− yi)Ωz

rwi

)
,

(6)



Table 1. PARAMETERS FOR VEHICLE MODEL

Vehicle

Weight (N) W 175.52

Track width (m) B 0.39

Wheel base (m) L 0.27

Contact patch length (m) pl 0.023

Contact patch width (m) b 0.028

CG offset in x direction (m) Cx -0.0014

CG offset in y direction (m) Cy 0.0030

CG height (m) h 0.1208

Radius of tire (m) r 0.1075

Motor

Torque constant (Nm/A) Kt 0.023

Speed constant (rad/sV ) Kn 43.478

Gear ratio gr 49.8

Efficiency η 0.76

Motor controller

Supply voltage (V) Vcc 16.8

Maximum pulse width modulation PWMmax 0.9

Voltage drop (V) Vdrop 2

Wooden Sur f ace

Coefficient of friction µo 0.72

Coefficient of friction µi 0.53

Shear deformation modulus K 0.0006

jYir = (R′′− B
2
−Cx + xi)sin

(
(nb− yi)Ωz

rwi

)
− (
−l
2
−Cy−S0 + pl)+ yi cos

(
(nb− yi)Ωz

rwi

)
,

(7)

jir =
√

jX2
ir + jY 2

ir , (8)

where nb =− l
2 −Cy−S0 + pl .

In a similar way, the shear displacements for the outer side
(front and rear) wheels at a point (xo,yo) are given by

jXo f = (R′′+
B
2
−Cx + xo)

{
cos
(
(na− yo)Ωz

rw0

)
−1
}

− yo sin
(
(na− yo)Ωz

rw0

)
,

(9)

jYo f = (R′′+
B
2
−Cx + xo)sin

(
(na− yo)Ωz

rw0

)
− (

l
2
−Cy−S0)+ yocos

(
(na− yo)Ωz

rw0

)
,

(10)

jo f =
√

jX2
o f + jY 2

o f , (11)

jXor = (R′′+
B
2
−Cx + xo)

{
cos
(

nbΩz

rw0

)
−1
}

− yo sin
(

nbΩz

rw0

)
,

(12)

jYor = (R′′+
B
2
−Cx + xo)sin

(
(nb− yo)Ωz

rwo

)
− (− l

2
−Cy−S0 + pl)+ y1cos

(
(nb− yo)Ωz

rwo

)
,

(13)

jor =
√

jX2
or + jY 2

or. (14)

The longitudinal frictional forces for the inner (Fi) and outer
(Fo) sides are obtained by integrating Eq. (2) over the contact
patch area of each wheel. To capture experimentally observed
asymmetries, different coefficients of friction µi and µo have been
assumed for each side of the vehicle. (In the future, we expect
to gain a better understanding of the need for these two different
coefficients.) Fi and Fo are then given by

Fi =
∫ na

na−pl

∫ b
2

− b
2

pi f µi(1− e− ji f /K)sin(π+ γi)dxidyi

+
∫ nb

nb−pl

∫ b
2

− b
2

pirµi(1− e− jir/K)sin(π+ γi)dxidyi,

(15)

Fo =
∫ na

na−pl

∫ b
2

− b
2

po f µo(1− e− jo f /K)sin(π+ γo)dxodyo

+
∫ nb

nb−pl

∫ b
2

− b
2

porµo(1− e− jor/K)sin(π+ γo)dxodyo,

(16)

where γi and γo are the angles between the resultant sliding ve-
locities of the inner and outer wheels and the lateral direction of



Figure 4. TURNING MANEUVER OF SKID-STEERED VEHICLE ON
HILL.

the vehicle. Following [3], the inner and outer sliding velocities
are given by

Vji = (Vjxi,Vjyi), (17)

where Vjxi =−yiΩz and Vjyi = (R′′− B
2 −Cx +xi)Ωz− rwi. Sim-

ilarly,

Vjo = (Vjxo,Vjyo), (18)

where Vjxo =−yoΩz and Vjyo = (R′′−Cx +
B
2 + xo)Ωz− rwo.

Then, γi and γo can be computed as

γi = arctan(
Vjyi

Vjxi
), (19)

γo = arctan(
Vjyo

Vjxo
). (20)

The normal pressures on the wheels vary as a function of
the terrain slope and the vehicle heading. Referring to Fig. 4,
it is possible to perform a moment balance about the “inner and
outer wheel lines” (i.e., the line connecting the center of the in-
ner wheels and the corresponding line for the outer wheels) and
obtain the following normal forces on the inner (Ni) and outer
(No) sides as

Ni =
W cosθ(B

2 −Cx)+Whsinθsinψ− Whv2

gR′ cosβ

B
, (21)

No =
W cosθ(B

2 +Cx)−Whsinθsinψ+ Whv2

gR′ cosβ

B
, (22)

where θ and ψ represent the slope of the hill and the vehicle
heading, W is the vehicle weight, which as shown in Fig. 4 has
a longitudinal component Wln and a lateral component Wlt , h is
the height of the CG, R′ is the distance from O to the CG, and β

represents the angle between the vector going from the center of
turn O to the CG and a vector going from O to Ov (refer to Fig. 3
for easy visualization of this parameter). Similarly, performing a
moment balance about the front and rear axles, we get

N f =
W cosθ( l

2 +Cy)−Whsinθcosψ− Whv2

gR′ sinβ

l
, (23)

Nr =
W cosθ( l

2 −Cy)+Whsinθcosψ+ Whv2

gR′ sinβ

l
, (24)

Assuming symmetry, the normal pressures on each wheel are
then estimated using

po f =

N f
W cosθ

No

b pl
, (25)

por =
Nr

W cosθ
No

b pl
, (26)

pi f =

N f
W cosθ

Ni

b pl
, (27)

pir =
Nr

W cosθ
Ni

b pl
. (28)

The resistive torque C(q, q̇), has an additional component
due to the rolling resistance and friction in the motor bearings
and different components that make up the driving system. The
friction in the driving system [τires τores]

T is experimentally deter-
mined by elevating the robot so that its wheels lose contact with
the ground and measuring the motor torques while maintaining
a nominal vehicle speed of 0.2m/s. The rolling resistance forces
[Ri Ro]

T are determined by measuring the motor torques while
the vehicle is moving in a straight line at the nominal speed and
then subtracting the driving system friction [τires τores]

T . Once
the rolling resistances are determined, it is possible to estimate
the coefficients of rolling resistances for the inner and outer sides
as follows:

µri =
Ri

Ni
, (29)

µro =
Ro

No
. (30)



Finally, the total resistance term C(q, q̇) can be expressed by

C(q, q̇) = r
[

Fi +Ri
Fo +Ro

]
+

[
τires
τores

]
, (31)

where r is the wheel radius.
When traversing slopes, it is also necessary to overcome the

gravitational term G(q), which can be derived from Fig. 4 by
performing a force and moment balance as

G(q) =
rW sinθcosψ

B

[
B
2
−Cx,

B
2
+Cx

]T

. (32)

2.1 Actuator Saturation
As shown in Fig. 2, when non ideal actuators are pushed

to their saturation limits, uncontrollable vehicle motion could re-
sult. These situations can be avoided by incorporating motor and
motor controller models into the vehicle dynamic model. In this
research, the modified Pioneer 3-AT robotic platform uses two
Maxon motor controllers (one for each vehicle side) controlled
in current mode. In order to protect the motors, maximum con-
servative current levels of Ilim = 5.46A are set for both motor
controllers. The maximum output voltage from the motor con-
troller is given by

Vmax = PWMmax ·Vcc−Vdrop, (33)

where PWMmax is the maximum achievable pulse width modu-
lation (PWM) value, which as stated by the manufacturer is of
0.90. Vcc is the power supply voltage and Vdrop is a voltage drop
on the motor controller.

In addition, from the speed-torque curve of the motor (re-
flected at the wheel), it is possible to derive that the maximum
output torque τ at a given operating wheel speed w is given by

τ = 2τs

[
1− w

wnl

]
, (34)

where wnl corresponds to the no load speed of the wheel and τs is
the stall torque at the wheel; these variables are computed using

wnl =
knVmax

gr
, (35)

τs =
knVmaxgrτ

m
s

wm
nl

, (36)

where gr is the gear ratio and τ
m
s , and wm

nl are the stall torque and
no load speed of the motor at a nominal voltage of 12V . Due
to the current limitations imposed by the motor controllers, the
maximum output torque is computed as

τmax = min(τ, IlimKtgr), (37)

where Kt is the torque constant of the motor.

3 EXPERIMENTAL RESULTS
A Modified Pioneer 3-AT robot shown in Fig. 1, was em-

ployed to perform the experimental validation of the model. This
robot is equipped with a PC104 stack running QNX and Maxon
4-Q-DC motor controllers, which allow current control. The
robot is controlled in real time at 1.0KHz.

All experiments were performed at a constant linear speed
of 0.2m/s and constant tire pressure of 20psi. The speed was
chosen motivated by the findings of [12], which showed that the
torques for the outer and inner sides do not vary significantly
as a function of speed for the low speed range considered in this
paper. In addition, due to the low speeds, here we assume that the
shift So of the center of turn due to centrifugal force is negligible.
All the experiments that involve curvilinear motion correspond to
the left hand turns in the uphill direction.

Also, as discussed in Sec. 2, in order to compute the fric-
tional forces, it is necessary to know the actual turn radius of the
vehicle (R′) as a function of the commanded turn radius (Rcom).
Motivated by the work of [5] and [13], we employ an empirical
expansion factor α such that R′ = αRcom.

To estimate the expansion factor, a group of experiments
were conducted in which the robot was commanded to follow
a set of different turn radii. The actual turn radius was then mea-
sured using an external high speed camera. As shown in Fig. 5,
α varies as a function of the slope and as a function of the turn
radius. It is important to notice that as expected, the expansion
factor approaches 1.0 as the turn radius increases.

3.1 Experimental Results on Flat Ground
This section includes experimental results on a flat

wood surface used to estimate the terrain dependent param-
eters of the dynamic model. The robot was commanded
to move at 0.2m/s for all the turn radii R in the set
{0.02,0.05,0.10,0.15,0.20,0.30,0.40,0.50,0.70,1.0,1.5,2.0,
3.0,5.0,7.0,10.0,15.0,20.0,30.0,40.0,50.0,70.0,100.0,200.0,
500.0,700.0,1000.0}m. A total of 5 runs were performed for
each turn radius and the motor torques for the outer and inner
vehicle sides were measured by monitoring the current through
the motors.

The terrain dependent parameters, µo, µi, and K, were esti-
mated by fitting in the least squares sense the proposed model
to the experimental torques, yielding µo = 0.72, µi = 0.53, K =
0.0006.



Figure 5. EXPANSION FACTOR AS A FUNCTION OF SLOPE AND
TURN RADIUS FOR THE PIONEER 3-AT ON WOODEN SURFACE.

Figure 6. EXPERIMENTAL AND ANALYTICAL TORQUES FOR DIF-
FERENT TURN RADII (BARS REPRESENT STANDARD DEVIATION)
ON FLAT WOODEN SURFACE.

Figure 6 shows the resultant experimental and analytical
curves of the inner and outer side torques. The turn radii R≤ 0.20
correspond to turn radii inside the vehicle hull. Notice that the
model performs good predictions for the outer side torques for
the complete range of turn radii and for the inner side torque for
large turn radii R ≥ B

2 . However, it does a poor job of predict-
ing inner torques for R < B

2 . This led to modifying the dynamic
model so that

[
τi
τo

]
=

[
r(Fi +Ri)+ τires
r(Fo +Ro)+ τores

]
if R≥ B

2
, (38)

[
τi
τo

]
=

[
−r(Fo +Ri)+ τires
r(Fo +Ro)+ τores

]
if R <

B
2
. (39)

Figure 7. EXPERIMENTAL AND ANALYTICAL TORQUES FOR DIF-
FERENT TURN RADII USING EXTENDED DYNAMIC MODEL (BARS
REPRESENT STANDARD DEVIATION) ON FLAT WOODEN SURFACE.

This model modification was motivated by the fact that as
the turn radius gets smaller (R< B

2 ), the vehicle behaves similarly
to a force couple and therefore the torques on the outer and inner
sides are of similar magnitude and opposite signs. It is important
to add that due to the differences in rolling resistance and gear
friction of the outer and inner sides, the torque magnitudes do
not necessarily match. These differences are accounted for in the
extended model by Ri, Ro, τires, and τores.

Figure 7 shows the resultant experimental and analytical
curves of the inner and outer side torques using the extended
model (39). The Root Mean Square Error (RMSE) correspond-
ing to Fig. 7 for the outer and inner sides are 0.2186N and
0.1362N respectively.

3.2 Experimental Results on Slopes
This section presents the experimental validation of the

model on a slope employing the same wood platform used for
the estimation of the terrain dependent parameters. First, experi-
mental results are presented for linear motion on the hill with an
arbitrarly heading. Second, we evaluate the model performance
under steady circular motion. In all experiments, the heading
angle ψ is measured positive counter clockwise as illustrated in
Fig. 4.

Figure 8, presents the torque results for the vehicle moving
straight with an initial heading of 60◦ and a hill inclination of
10◦. The corresponding RMSE for the inner and outer sides are
0.1355Nm and 0.1445Nm respectively. It is important to clarify
that the data corresponding to the first 0.2s was excluded in the
calculation of the errors since this data corresponds to the initial
transient and as mention in Sec. 2, the model was developed
under steady state assumptions. Fig. 9 corresponds to torque of
the vehicle moving straight with an initial heading of 0◦ and a
hill inclination of 15◦. The corresponding RMSE for the outer
and inner sides are 0.1097Nm and 0.2168Nm respectively.



Figure 8. EXPERIMENTAL AND ANALYTICAL TORQUES FOR
STRAIGHT LINE MOTION ON A 10◦ SLOPE WITH AN INITIAL HEAD-
ING ANGLE OF 60◦.

Figure 9. EXPERIMENTAL AND ANALYTICAL TORQUES FOR
STRAIGHT LINE MOTION ON A 15◦ SLOPE WITH AN INITIAL HEAD-
ING ANGLE OF 0◦.

Figures 10 and 11 present the torque prediction for curvilin-
ear motion. Fig. 10 corresponds to the vehicle making a 7m ra-
dius turn on a 10◦ inclined hill with an initial heading of 0◦. The
corresponding RMSE for the inner and outer sides are 0.3066Nm
and 0.1941Nm. Fig. 11 corresponds to the vehicle making a 1m
turn radius on a 15◦ inclined hill and −45◦ initial heading. No-
tice that in Fig. 11 the model captures the saturation of the outer
side actuator.

3.3 Application of the Proposed Model
The model presented in this paper can be used in motion

planning tasks where it is desirable to generate predictable tra-
jectories for the vehicle (e.g., trajectories that do not lead to sat-
uration of the actuators). In Fig. 12 we provide an example of

Figure 10. EXPERIMENTAL AND ANALYTICAL TORQUES FOR THE
VEHICLE MAKING A 7m TURN RADIUS ON A 10◦ INCLINED HILL.

Figure 11. EXPERIMENTAL AND ANALYTICAL TORQUES FOR THE
VEHICLE MAKING A 1m TURN RADIUS ON A 15◦ INCLINED HILL.

a terrain dependent minimum turn radius curve (MT R), which
could then be used by path planners to limit the commanded turn
radius for the vehicle.

The MT R curve was generated by performing forward sim-
ulation of the model on a terrain with the parameters identified
in Section 3.1 and different hill inclinations and initial headings.
The simulations are performed over a period of four seconds and
the predicted torques are analyzed for saturation. For each com-
bination of initial heading and hill inclination, the minimum turn
radius that did not lead to saturation was then determined.

To validate the curve of Fig. 12, the following experiment
was performed. The robot was placed on the wood platform with
10◦ inclination and an initial heading angle of 315◦. The robot
was then commanded to perform turns in the proximity of the
predicted minimum turn radius by Fig. 12 (1.6m). Experimen-
tally, it was found that the minimum turn radius was 1.5m, which



Figure 12. TERRAIN DEPENDENT MINIMUM TURN RADII PREDIC-
TIONS FOR DIFFERENT HEADING AND HILL INCLINATION ANGLES.

is a close value to the predicted one. In addition, it can be no-
ticed that the predicted value is on the conservative side, which
is important, especially for planning in the presence of model
uncertainties.

4 CONCLUSIONS AND FUTURE WORK
A terrain dependent dynamic model for skid-steered plat-

forms was developed and validated on slopes. It was experimen-
tally shown that the proposed model predicts motor torques as
a function of turn radius for a full spectrum of turn radii (from
point turn to linear motion). The model was also validated on a
wooden surface for different inclinations and different turn radii.
In addition, it was shown that the model was able to predict actu-
ator saturation as a function of the terrain and turn radius, which
led to the proposal of the MT R curves (a set of curves that can be
incorporated with motion planners in order to obtain predictable
vehicle trajectories).

In the near future the proposed model will be validated on
different surfaces. In addition, experiments including downhill
and crossed slope turns will be performed. Future work will also
involve experiments at higher speeds where it is expected that
centrifugal effects will not be negligible. It is worth mentioning
that for that type of regimes of operation with high centrifugal
forces, it would be important to include low level control strate-
gies as the ones proposed in [14] to manipulate internal mass an
inertial properties of the vehicle during motion.
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