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Abstract—Certain off-road vehicles are
equipped with a type of clutches re-
ferred to as differential locks. A driver
may engage/disengage these locks to
switch between two distinct operating
modes: the closed mode is charac-
terized by greater off-road traversabil-
ity, while the open mode allows better
manueverability. Many drivers lack the
education and experience required to
correctly judge the terrain ahead of the
vehicle and therefore engage/disengage
the locks in a suboptimal fashion. An
automatic differential locking strategy
is hence desired. This paper compares
three such traction control algorithms
of the on/off variety, all derived from
the same underlying kinematic vehicle
model but each relying on the avail-
ability of different output signals. The
validity of the kinematic model and
the algorithms’ sensitivity to the val-
ues assumed by a couple of unobserv-
able states, the wheel slip angles, is in-
vestigated by comparison to an existing
articulated hauler model in ADAMS—
an environment for simulation of multi-
body dynamics.

1 Introduction

Articulated haulers are heavy equipment used to
transport large quantities of loose materials such
as sand, gravel or liquids. Unlike dump trucks, ar-
ticulated haulers are designed to operate off-road.
They may, for example, be employed at mines to
transport ore over grounds not traversable by or-
dinary vehicles. The hauler’s ability to take the
shortest route on a load-haul-dump run minimizes
fuel consumption and time expenditure.

A tire may sometimes lose its grip and slip rather
than roll over the road, e.g. if subject to full throt-
tle, icy road conditions or a steep road inclina-
tion. This is referred to as lost traction, traction
being an adhesive friction force in tire/road inter-
face that serves to drive the vehicle forward. Lost
traction is undesirable since it reduces the vehicle’s
traversability and increases tire wear. Means must

therefore be taken to curb wheel slip and regain lost
traction, preferably before than after it is lost.

A differential is a driveline component that dis-
tributes power, i.e. torque and rotational speed,
from an input shaft to two output shafts. There
are many types of differentials: open, clutch-type
limited slip, viscous coupling and locking differen-
tials to name a few. The differentials on Volvo
CE articulated haulers are of the locking type and
has two distinct operating modes: open and closed.
An open differential distributes rotational speed as
needed, while the input torque is divided equally
between the two output shafts. A locked differen-
tial forces the two output shafts to assume the same
speed, while the torque is distributed as needed.

The basic type of differential is always open, al-
lowing a left and right or front and rear wheel
to rotate at different speeds. This is advanta-
geous during cornering, but not during off-road
driving. Volvo CE articulated haulers are therefore
equipped with differential locks of the dog-clutch
variety: a pair of face gears that are locked together
pneumatically and pulled apart by a spring. These
clutches force the differential output shafts to as-
sume the same speed, thereby effectively removing
the slip of a single wheel. A succession of locks may
be engaged to curb the slip of multiple wheels.

A Volvo CE articulated hauler features 4 dif-
ferential locks, one between each pair of wheels
and a center differential lock between the tractor
and trailer unit parts of the driveline. The vehi-
cle may also be switched between 6 × 4 and 6 × 6
operating modes. The differential locks are either
engaged/disengaged manually by the driver who
turns switches on the dashboard or steps on a but-
ton on the floor, or governed by the automatic trac-
tion control (ATC) system.

Locking the differentials for extended periods of
time builds up powerful wind-up torques, often ex-
ceeding the maximal engine torque by an order
of magnitude. The presence of wind-up torques
strains the driveline. Turning with locked differen-
tials decreases manoeuvrability by forcing the tires
to slip, thereby also increasing tire wear. Unnec-
essary engagements of the 6 × 6 operating mode
worsen fuel economy due to inevitable power losses.
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The locks should therefore be used sparsely. Logs
from an automatic machine tracking information
system (MATRIS) indicate that the ATC system
outperforms even skilled drivers in this respect.

The ATC system works fine, but recent develop-
ments in hardware have paved the way for further
improvements. This article explores the advantages
that may be gained from utilizing the information
obtained from a ground speed sensor (e.g. a ground
speed radar or a GPS receiver) and individual wheel
tachometers. Other quantities that would be inter-
esting to measure include the articulation joint roll
angle, the road inclination, the load mass and the
center of mass acceleration, but evaluating the pos-
sible benefits of having access to such information
lies outside the scope of this work.1

The control input considered is differential lock
engagement. Since the engagement/disengagement
of a dog-clutch may only switch between the open
and closed operating modes of a differential, the
system is hybrid and the control strategy must be
of on/off type.2 The traction control algorithms
considered in this paper consist of the rules of dif-
ferential lock engagement/disengagement.

2 Literature

There is a vast literature on automotive control sys-
tem such as anti-braking lock systems (ABS), elec-
tronic stability control (ESC) and traction control
systems (TCS), also known as anti-slip regulation
(ASR). An often used vehicle model is the one-
wheel model, consisting of two differential equa-
tions describing the translational and rotational
motion of a wheel. They may be derived directly
from a free body diagram of a tire using Newton’s
generalized second law. Each wheel may be con-
sidered in isolation from the rest thanks to the
tachometers which measure and brakes that reg-
ulate the speed of each wheel.

Control algorithm designers concerned with the
regulation of tire/road interface friction forces face
three primary difficulties: i) the state equations in-
volved are non-linear; ii) sensor output is limited to
a few states and iii) road conditions are not given
beforehand and may change drastically. The ABS
algorithm presented in [1], for instance, deals with
i) by linearizing the state equations around an op-
erating point on an equilibrium manifold, with ii)

1The standard sensors do include an inclinometer, the
information gained from it is however not utilized by the
algorithms presented here.

2Other types of differential locks such as wet-disc clutches
may operate in a sliding mode, producing a linear control
system with the possibility of more diverse control action.
Neither the brakes nor the retarder can be used to efficiently
control wheel slip since their action is distributed equally
over all wheels.

by using a proportional feedback of a convex combi-
nation of the hard-to-measure wheel slip and easy-
to-measure wheel deceleration and address iii) by
proving that the stability of the algorithm is guar-
anteed irrespective of the choice of operating point
on the equilibrium manifold for certain convex com-
binations of the feedback.

Here, we will derive a model that is valid under
normal operating conditions and assume that any
deviation from that model is an indication of wheel
slip, thereby addressing iii). Since the control algo-
rithm is of an on/off type due to the particular ac-
tuators used, there is no need to concern ourselves
with i). Hence, the main concern is to address the
issue of ii), i.e. to find the minimum number of sen-
sors needed to achieve a fast and robust algorithm.

3 Wheel slip

The wheel slip λ is often defined as a normalized
function of the difference between the speed of the
tire circumference and the ground as seen from a
hub fixed coordinate system

λ
def

=
ωr cos α − v

ωr cos α
, (1)

where ω is the wheel angular speed, r the tire ra-
dius, α the tire slip angle, v the ground speed and
the assumption ωr cos α > v holds, see for example
[2]. As an alternative slip definition, consider the
non-normalized quantity

∆ω
def

= ω − v/r, (2)

where ∆ωr can be interpreted as the distance a
slipping wheel slips per second.

Normalized slip quantities are of interest since
they relate non-linearly to the tire/road interface
friction coefficient µ(λ), as detailed in a large body
of empirical studies, see for example [3]. A litera-
ture review of tire/road friction is provided in [4].
The friction coefficient µ(λ) enters the one-wheel
model dynamics, but since the algorithms devel-
oped in this paper does not make use of tire dy-
namics, there little use in adopting λ as a measure
of slip.

The non-normalized slip quantity has the advan-
tage of be more directly related to tire wear. Con-
sider two situations, one where ω = ǫ > 0, v = 0
and another where ω = 2M , v = M , ǫ ≪ M . Def-
inition (1) and r = 1, α = 0 yields a λ = 1 in the
former case and λ = 1/2 in the latter. Definition (2)
yields a ∆ω = ǫ in the former case and a ∆ω = M
in the latter, which is preferable since the latter
case is much worse in terms of tire wear. Hence we
use definition (2).
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4 Control strategy

Certain output signals are hardly affected by rising
slip levels while others may change rapidly. A GPS
receiver’s ground speed readings is an example of
the former; tachometer measurements of the speed
of some driveline shaft is an example of the latter.
This notion of a static and a transient behavior
of certain output signals at the onset of wheel slip
form the basis of the traction control algorithms
developed here.

The speed of a driveline shaft ω and the ground
speed v are proportional to each other under the
assumption of zero slip and a rigid driveline:

iωr = v, (3)

where i is a gear conversion ratio (possibly equal to
1) and r the tire radius. In the presence of wheel
slip, the relation (3) is replaced by ∆ω = iωr − v,
see equation (2).

Let y be the output signals and introduce z to
denote states that are not measured, i.e. neither
observable nor detectable. Let g(y,z) be a function
of the states and suppose that an equation

g(y,z)|∆ω=0 = 0, (4)

holds true. The equality (4) is not guaranteed to
withhold while ∆ω 6= 0. Any contradiction of
equation (4) can hence be used as an indicator of
wheel slip.

Equation (4) is likely to be a kinematic rela-
tion; both Volvo CE and Caterpillar own patented
traction control algorithms based on articulated
vehicle kinematics [5, 6]. Ideally gi = ωiri −
vi, i ∈ {1, . . . , 6}, but unfortunately neither indi-
vidual wheel tachometers nor ground speed sensors
form a part of the basic sensors configuration.

As a more feasible example, consider

ωdbx,f − ωdbx,r =

{

0 if γ,∆ωi = 0,∀i

f(y,z) otherwise,
(5)

where ωdbx,f and ωdbx,r are the dropbox output
shafts angular speeds (sensors 5 and 6 in figure 1),
γ the steering angle and f some function. Note
that if γ = 0 and a tractor and trailer wheel should
slip simultaneously, equation (5) would still hold.3

Introduce the functions f−(y) and f+(y)
(preferably, but not necessarily, with the same sign
as in their super index) and relax the no slip con-
straint (4) as

{

g(y, c)|∆ω=0 ≥ f−(y)

g(y, c)|∆ω=0 ≤ f+(y),
(6)

3I.e. ∆ω = 0 ⇒ g(y, z) = 0 but g(y, z) = 0 6⇒ ∆ω.

where c is some nominal value of z. The functions
f− and f+ (f±) should be tuned from experimen-
tal data to account for setting z = c but also to
make the strategy more robust to the influence of
estimation errors and unmodeled dynamics.

A trade off has to be made between functions f±

with small magnitudes, which make control action
fast but increase the risk of unnecessary engage-
ments and functions with large magnitudes, which
reduce the risk of unnecessary engagements but de-
lay control action. Ideally, g(y,z) = g(y, c) so that
the magnitude of the functions f± may safely be set
to small values. If the chosen expression depends
on unobservable states they will have to be set to
some nominal values, probably requiring the func-
tions f± to have large magnitudes.

5 Sensor configuration

The ATC system employs a steering angle
sensor and shaft angular speed sensors—i.e.
tachometers—positioned along the haulers drive-
line, see figure 1. The following sections will reveal
that wheel slip angles are an integral part of ar-
ticulated hauler kinematics. Measurement and/or
estimation of wheel slip angles require sensors such
as two-antenna GPS receivers, which are not avail-
able on articulated haulers in production. The slip
angles are hence not observable using standard sen-
sors.

Figure 1: ATC system sensor and actuator configura-
tion. The electronic control unit (ECU, 1)
receives output signals (2) from steering an-
gle sensor (3) and driveline tachometers (4,
5, 6, 7) and calculates an appropriate input
signal (8) to the dropbox dog-clutch engage-
ment/disengagement actuator (9) and 6×6
lock dog-clutch engagement/disengagement
actuator (10).

6 Kinematic model

The kinematics of load-haul-dump vehicles (a kind
of low set wheel loaders) is discussed in a body of
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literature on path-tracking in underground environ-
ments. A model that includes wheel slip angles is
found in [7]. This model cannot be used directly
since the vehicle geometry of wheel loaders and ar-
ticulated haulers differ.4 A procedure for deriving
kinematic models for the planar motion of articu-
lated vehicles is presented in [8]. This paper gener-
alizes the model of [7] by accounting for a broader
range of ground vehicles, including but not limited
to articulated haulers, using the technique from [8].

Consider the kth transverse axle of an articu-
lated vehicle with n joints, as shown in figure 2.
The velocity vk = vk(cos αk, sin αk)T in the local
coordinate origin Ok is related to the velocities vAk

and vBk
in the points Ak and Bk by the equations

vAk
= vk+Ωk×rOkAk

and vBk
= vk+Ωk×rOkBk

.
The velocity vBk+1

is equal to vAk
rotated by γk

degrees, see figure 2. These relations can be written
on matrix form

Ψk
def

=

(

vk

Ωk

)

,

vAk
=

(

cos αk 0
sinαk –ak

)

Ψk
def

= MAk
Ψk,

vBk
=

(

cos αk 0
sinαk bk

)

Ψk
def

= MBk
Ψk,

vBk+1
=

(

cos γk – sin γk

sin γk cos γk

)

vAk

def

= Rγk
vAk

,

resulting in the system of equations

MBk+1
Ψk+1 = Rγk

MAk
Ψk, (7)

which may be solved for Ωk, vk+1 and Ωk+1 as func-
tions of vk, γk and γ̇k by using the relation

Ωk+1 = Ωk − γ̇k (8)

and a few trigonometric identities.
The velocity vi of a single wheel with slip angle

αi, expressed in the kth axle local coordinates, may
be calculated as

vi =

(

cos αi ck

sin αi 0

)

Ψk

where αi is the ith wheel slip angle. Note that the
sign of Ωk determines if a wheel i is inner or outer.

7 Articulated hauler kinematics

Picture an articulated hauler from a bird’s eye view
as displayed in figure 3 and note the likeness with

4The wheel loader vehicle geometry allows its rear wheels
follow in the front wheel tracks, thereby increasing maneou-
vrability. This is not case with articulated haulers. The
non-steerable wheels of the trailer unit bogie also make ar-
ticulated haulers more prone to side slip.
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ρk

vBk

vk

yk

xk

γk

yk+1

xk

yk
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θk
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v i
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Figure 2: Kinematics of an articulated vehicle. Ik is
the instantaneous center of rotation around
which the kth axle rotates with velocity
Ωk. vk is the translational velocity on the
midpoint of the axle. Ak and Bk are two
points on the longitudinal axle, situated at
distances ak and bk from the origin Ok of
the local coordinate system. vAk

and vBk

are the point’s translational velocities. ck

is half the axle track, ρk = Ωk/vk is the
turning radius, αk is the slip angle and γk

is the angle between the coordinate axes xk

and xk−1. θk is the angle between the co-
ordinate axis xk and the x-axis of a global
(i.e. ground-fixed) coordinate system with
origin O.

figure 2. The corresponding system of equations
(7) and (8) can be solved to yield

v34 =
(l2 cos(γ + α12) + l1 cos α12)v12

l2 cos α34 + l1 cos(γ − α34)

+
l1l2 sin γγ̇

l2 cos α34 + l1 cos(γ − α34)
(9)

Ω1 =
sin(γ + α12 − α34)v12

l2 cos α34 + l1 cos(γ − α34)

+
l2 cos α34γ̇

l2 cos α34 + l1 cos(γ − α34)
(10)

Ω2 =
sin(γ + α12 − α34)v12

l2 cos α34 + l1 cos(γ − α34)

−
l1 cos(γ − α34)γ̇

l2 cos α34 + l1 cos(γ − α34)
, (11)

where the notation is that of figure 2 and 3.

Introduce the functions

p(α12, α34, γ) =
sin(γ + α12 − α34)

l1 cos(α34 − γ) + l2 cos α34

,

q(α12, α34, γ) =
l2 cos(α12 + γ) + l1 cos α12

l1 cos(α34 − γ) + l2 cos α34

,

where p denote the inverse of the tractor unit
steady state turning radius and q the quotient of
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v34
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Figure 3: Articulated hauler kinematics. The points
O1, O2 and O3 correspond to the locations
of the mean wheels in a three-wheel artic-
ulated bicycle model. 1, . . . , 6 are the ac-
tual wheels, lk is the distance from point
Ok, k ∈ {1, 2, 3} to the hinge, vij is the ve-
hicle translational velocity at point Ok, γ is
the steering angle and αij is the kth mean
wheel slip angle.

the tractor and trailer unit steady state turning
radii.

The equations (9)–(11) may be tidied up by writ-
ing them as

v34 = q(α12, α34, γ)v12 + q(–π/2, α34, γ)γ̇l1, (12)

Ω1 = p(α12, α34, γ)v12 + p(–γ + π/2, α34, γ)γ̇l2,

Ω2 = p(α12, α34, γ)v12 + p(–π/2, α34, γ)γ̇l1,

with e.g. γ̇l1 in equation (12) being interpreted as
a tractor unit velocity with a –90◦ slip angle.

To validate the kinematic model, we compare it
to an existing articulated hauler model in ADAMS,
an environment for simulation of multibody dy-
namics. The ADAMS model has previously been
described in [9]. The ADAMS articulated hauler
is run repeatedly on a curved road, see figure 4,
varying the current gear and load mass.

We make use of two metrics,

d1(x, x̂) =
1

n

n
∑

k=1

|xk − x̂k|, (13)

d∞(x, x̂) = max
k ∈{1,...,n}

|xk − x̂k| , (14)

to evaluate the discrepancy between a true value x
and an estimate x̂. k is a discrete time instance, and
n the total number of time instances considered.
Table 1 displays the accuracy of an estimate v̂34 =
q(0, 0, γ)v12 + q(–π/2, 0, γ)γ̇l1 compared to v34, on
simulation output data from ADAMS.

8 Basic ATC system sensors

Equation (12) may be written as

ω34r − q(α12, α34, γ)ω12r − q(π/2, α34, γ)l1γ̇ = 0

αij , αij
def
= 0, αij ,

γ̇
def
= 0 γ̇ ∈ R γ̇ ∈ R

Load Gear d1 d∞ d1 d∞ d1 d∞

Zero F1 1.2 14.6 0.2 1.6 0.1 0.6
F2 2.1 22.0 0.5 2.4 0.2 0.7
F3 3.2 25.6 1.3 5.7 0.2 0.7

Half F1 1.6 11.6 0.6 3.1 0.1 1.0
F2 2.8 17.6 1.4 6.9 0.2 1.4
F3 4.1 20.7 2.4 11.2 0.2 1.6

Full F1 2.0 10.0 1.2 5.9 0.3 1.7
F2 3.5 16.2 2.3 10.6 0.3 2.4
F3 4.9 22.5 3.5 15.5 0.3 2.5

Table 1: Mean and maximal relative trailer unit speed
estimation errors, equations (13) and (14)
with x = v34 and x̂ given by equation (12), as
a function of setting the slip angles to zero,
the three first forward gears F1, F2 and F3
(roughly corresponding to v12 = 2, 2.5 and
3 m s−1 respectively) and zero, half or full
load (39 000 kg) using a steady state turning

model (γ̇
def
= 0) or a transient state turning

model (γ̇ ∈ R). The units are cm s−1. The
gears are limited to F1, F2 and F3 since the
vehicle is unlikely to turn on higher gears.
The reverse gears have not been taken into
account. The test road of figure 4 was used.
Time instances with steering angles less than
1◦ were removed from consideration as they
correspond to straight parts of the test road.

Figure 4: Test road in ADAMS. The articulated
hauler runs from start to finish on the road
centerline. The road lies in a plane (with
the gravitational force mg as normal) and
is mainly composed of curves. The greatest
circle sector curvature corresponds to the
maximal steering angle of 45◦.

under the assumption of zero slip, i.e. an expres-
sion like equation (4). The functions f± should be
tuned to compensate for setting the unobservable
slip angles α12 and α34 to zero.5

5On a side-note, consider the speed differences listed in
table 1. The gear conversion ratios of the hub reduction and
transverse differentials will amplify these speeds by a factor
18 approximately, depending on the make and model. An
rpm difference ∆n over the dropbox output shafts can be
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Note that this approach is flawed since it cannot
detect slip under all circumstance: if γ = γ̇ = 0 for
instance, then q(0, 0, γ) = 1 and

v34/r + ∆ω34 − v12/r − ∆ω12 = ∆ω34 − ∆ω12 = 0

whenever ∆ω34 = ∆ω12. Hence this sensor configu-
ration makes it difficult to detect simultaneous slip
of the tractor and trailer unit wheels.

Also note that a slip of a front wheel, for instance,
will have a less noteworthy effect on driveline shaft
measurements of ωdbx,f = iω12 than a direct mea-
surement of ω1 since

ω12 =
ω1 + ω2

2
,

by the workings of ordinary differentials (i being
the differential and hub reduction gear conversion
ratio). Notions of this kind will be further explored
in section 11.

9 Ground speed sensor

GPS receivers and ground speed radars are exam-
ples of ground speed sensors. Output from a ground
speed sensor can be compared to tachometer read-
ings of the driveline shaft’s angular speed to calcu-
late the slip according to definition (2). An algo-
rithm that knows the vehicle ground speed would
hence be able to detect almost any type of wheel
slip.

Assume that the speed is measured somewhere
on the tractor unit and that it is recalculated to
correspond to the speed at location O1, see figure
3. The expression

ω12r − v12 = 0 (15)

is an equation of the type (4) which can be rewrit-
ten as a system of inequalities of the type (6) to
detect a slip of the front mean wheel. A slip of the
front bogie mean wheel is detected as

ω34r − v34 = ω34r − q(α12, α34, γ)v12

+ q(–π/2, α34, γ)γ̇l1 = 0, (16)

obtained as

∆n = 3 · 6 · |v34 − v̂34| · 60/(2π).

An algorithm based on a steady state turning model and
equation (16) would then have to tolerate an angular speed
difference of about 40 rpm. 40 rpm is a considerable part
of the speed difference limit above which safe engagement
of a dog-clutch is no longer possible. The transient state
turning model (γ̇ ∈ R) reduce the difference to about 25
rpm and the slip angle model (α12, α34, γ̇ ∈ R) to only 4
rpm. Hence, either the amount of tolerable slip or the risk
of unnecessary engagements can be reduced by use of a more
accurate kinematic model.

where ωdbx,r = iω34 and

ω34 =
ω3 + ω4

2

under the assumption of a rigid driveline.
The main disadvantage of using ground speed

sensors are the cost, but the expenses will be spread
out if a GPS receiver is used since it has many
other areas of application. Unfortunately, GPS re-
ceivers also have the downsides of having large sam-
ple times (1 s) and being useless underground in
mining and tunnel constructions sites. If a ground
speed radars is used, there is always a risk of it
being rendered inoperable by mud.

10 Individual wheel tachometers

The ATC system tachometers do not measure
wheel angular speed, but the angular speed of driv-
eline shafts. These are proportional to the speeds
of the mean wheels under the assumption of a
rigid driveline. Measurements of the wheel angu-
lar speeds facilitate slip detection but are difficult
to carry out since tachometers placed at those lo-
cations have low expected lifetime.6 Here we do
however assume that output from such sensors is
readily available.

From vi = ωir = Ωkρi, vj = ωjr = Ωkρj and
ρi − ρj = a (see figure 2), we obtain the relations

{

(ω1 − ω2)r − aΩ1 = 0

(ω3 − ω4)r − aΩ2 = 0,
(17)

where a denotes the axle track, i.e. the distance
between a pair of wheels.

Since Ω2 = Ω1 − γ̇, we may form the expression

[ω1 − ω2 − (ω3 − ω4)]r − aγ̇ = 0, (18)

which does not depend on slip angles at all. While
this is precisely the type of expression on the form
(4) we sought after, it cannot be used to detected
all possible combinations of wheel slip.

To find all combinations of wheel slip that cannot
be detected we write equation (18) on matrix form
and calculate the null space as

N ([1 –1 –1 1]) = span
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Any combination of slip

ω + ∆ω = (ω1, ω2 ω3 ω4)
T

+ (∆ω1,∆ω2 ∆ω3 ∆ω4)
T ,

6One mud bath is enough to kill the sensors. To protect
them, they need to encapsulated into the wheel hub.
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is undetectable to the control strategy whenever
∆ω ∈ N ([1 –1 –1 1]). Hence this criteria is most
useful to detect the slip of a single wheel.

11 Evaluation

Unless the engine operating point is changed, a
slipping wheel will have to take its excess speed
from the remaining wheels, since the sum of angu-
lar speeds over all wheels is constant. Simulations
in ADAMS indicate that equal amounts of speed is
taken from each wheel. If, for instance, the first
wheel should slip with ∆ω1 = ∆ω, then

∆ω = (∆ω, –∆ω/3, –∆ω/3, –∆ω/3)T . (19)

Assuming that a front wheel slips, we may cal-
culate the effect upon the ATC system g(y, c)| as

g(y,0) =
(ω3 − ∆ω/3 + ω4 − ∆ω/3)r

2

−
q(0, 0, γ)(ω1 + ∆ω + ω2 − ∆ω/3)r

2
− q(–π/2, 0, γ)l1γ̇

= –
(1 + q(0, 0, γ))∆ω

3
+ O(1),

where the correction term O(1) accounts for
g(y, c)|∆ω=0 6= 0 due to z 6= c is constant in the
sense that it does not depend on ∆ω. We also as-
sume that only wheel angular speed is affected by
wheel slip, i.e. that v̇ ≪ ω̇, when calculating g(y, c)
for the ground speed sensor based algorithm.7

Table 2 lists the effects of various ∆ω on the
functions g(y,z). There is no column correspond-
ing to all wheels slipping, since there would be no
wheel left to steal the excess slip from in that case.
The ground speed sensor based algorithm could de-
tected that all wheels have lost traction as the ve-
hicle decelerate over time, while the rest of the al-
gorithms would remain oblivious to the fact.

12 Tuning

The parameters ǫ1, ǫ2 and ǫ3 should be tuned so
that no slip is detected during normal driving (i.e.
no false positives) without delaying the detection
of actual slip (i.e. minimize the amount of false
negatives). This may be achieved by solving the

7There are circumstances under other quantities than ω
and v are affected by wheel slip. If for example, both front
wheels should slip, then the vehicle will tend to move for-
wards rather than turn, regardless of γ.

ATC Ground Individual
system speed wheel

1 2 3 4 sensors sensor tachometers

1 –1/3 –1/3 –1/3 –1/3 − q/3 1/3 –1/3 4/3 − p/3 4/3

–1/3 –1/3 1 –1/3 1/3 + q/3 –1/3 1/3 p/3 –4/3

1/2 1/2 –1/2 –1/2 –1/2 − q/2 1/2 –1/2 p/2 0
–1/2 –1/2 1/2 1/2 1/2 + q/2 –1/2 1/2 –p/2 0
1/2 –1/2 1/2 –1/2 0 0 0 1 0
1/2 –1/2 –1/2 1/2 0 0 0 1 2
1/3 1/3 1/3 –1 –1/3 − q/3 1/3 –1/3 –p/3 –4/3

–1 1/3 1/3 1/3 1/3 + q/3 –1/3 1/3 4/3 + p/3 –4/3

Table 2: The first four columns of the table display
slip in units of ∆ωr, i.e. slip per sec-
ond, distributed over the four drive wheels—
equation (19) provides an example. The
last four columns display g(y, c) in units of
∆ωr where q = q(0, 0, γ) ∈ (0.86, 1] and
p = p(0, 0, γ) ∈ [0, 0.18) for γ ∈ [0, π/4]. The
headings with more than one column con-
tain equations (15), (16), (17) (the tractor
wheels) and (18). The trailer wheels slip cal-
culation according to equation (17) gives the
same result as the tractor wheels, except the
rows should be switched—i.e. the missing
column reads p/3, 4/3 − p/3, . . .

following linear program

min
m

∑

i=1

w+
i s+

i + u+
i t+i + w−

i s−i + u−
i s−i

f− ≤ g(yk, c) ≤ f+,∀k ∈ {1, . . . , n}

−s+
i ≤ ǫ+i ≤ t+i ,∀i ∈ 1, . . . ,m (20)

−s−i ≤ ǫ−i ≤ t−i ,∀i ∈ 1, . . . ,m

s+
i , s−i , t+i , t−i ≥ 0,∀i ∈ 1, . . . ,m,

where the w±
i , u±

i are weights and the s±i , t±i are
help variables.

The problem (20) was solved in MatLab over
datasets from the road in figure 4 on the first three
forward gears with varying load mass. The func-
tions f± was set to

f± = ǫ±1 + ǫ±2 |γ|, (21)

where terms like |γ̇|, γγ̇ and γ2 have been excluded
since the optimal solution to problem (20) paid lit-
tle or no mind to them. The weights used where
w±

1 = u±
1 = 1, w±

2 = u±
2 = 1/10.

To obtain the amount of wheel slip per second
∆ωr required for the algorithms to detect a slip of
the front wheel, we solved

g(y, c) = f+ (22)

for ωr = (ωr, –∆ωr/3, –∆ωr/3, –∆ωr/3)T and simpli-
fied matters by using the values of g(y, c) from ta-
ble 2. The results are displayed in figure 5.
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Figure 5: The amount of slip per second, ∆ωr, re-
quired for the different algorithms to detect
a slip of the front wheel as a function of
the steering angle, γ. These values are ob-
tained as solutions to equation (22) where
g(y, c) is taken from table 2 (or equation
(19)) and f+ have been determined by solv-
ing the problem (20) over simulation data
from ADAMS with the articulated hauler
being run repeatedly over the road in fig-
ure 4 on the first three forward gears with
zero, half or full load mass (39 000 kg). The
trailer unit velocity based algorithms (equa-
tions (16) and (17)) have been omitted since
they are not primarily intented for detec-
tion of tractor unit wheel slip. The ∆ωr
curves were linearized to make the look of
the graph clearer.

13 Conclusions and further work

While the results shown in table 2 speak in favor of
the algorithm requiring individual wheel tachome-
ters, those in figure 5 speak in favor of the algorithm
based on ATC system sensors. The ∆ωr = 0.4 m
s−1 < 75 rpm required to detect slip using equation
(18) is well within acceptable limits. Non-planar
motion, such as out of phase washboards, have not
been taken into consideration wherefore the actual
limits should be somewhat higher.

The algorithm based on equation (17) cannot fail
to detect slip according to the results in table 2,
yet still performs poorly based on the findings of
figure 5. The ground speed sensor based algorithm
also performs poorly. Note that the results in table
2 (and hence also in figure 5) underestimates the
power of the ground speed based algorithms due to
the v̇ ≪ ω̇ assumption.

Better performance could perhaps be achieved by
more careful tuning, using for example functions
f± that are piecewise linear in γ and v, and setting
the objective to

∑

k f+(yk)− g(yk, c). Also worth
investigating is the possibility of esitmating v from

ωi or having both individual wheel tachometers and
a ground speed sensor and setting gi = ωir − vi.

Further work include validating the kinematic
model against an articulated hauler in the field.
The measurements will be done using the ATC sys-
tem sensors, two GPS reciever’s and two inertial
measuring units (IMU), one of each positioned at
the two points O1 and O2 in figure 3.
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