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Abstract — Avoiding excessive wheel slip is an important re-
quirement for the motion control of wheeled mobile robots, ow-
ing to concerns regarding steerability, safety and energy effi-
ciency. This work proposes a slip avoidance method for the
ropod platform, an eight-wheeled autonomous robot designed
in the ROPOD project that is intended to handle logistical tasks
in a hospital. As such tasks include the transportation of legacy
loads through a dynamic environment, the method must be
able to handle changing and effectively unknown wheel slip
characteristics. The proposed method aims to constrain each
actuator’s input to the maximum allowable value before exces-
sive slip occurs, based on the output of a slip detector. Adher-
ing to these constraints, a higher level motion controller dis-
tributes a given platform-level control effort over the actuators,
downscaling this reference if necessary to keep the distribution
problem feasible. By separately updating each actuation con-
straint, the method enables the motion controller to make use
of the robot’s actuator redundancy to increase driving perfor-
mance. Through downscaling the reference control effort, the
amount by which wheel slip impairs trajectory following can
be communicated to a higher level control loop. The proposed
method is implemented and tested on a prototype of the ropod
platform. Its performance is evaluated and a number of recom-
mendations for further improvement of the method are made.

Keywords — wheel slip, mobile robot, control allocation

I. Introduction

Over the past few decades, the use of mobile robots has been
a major contributor towards increasing labour productivity
in many fields of activity. An active area of development is
the application of Automated Guided Vehicles (AGVs) for
logistical purposes. The ROPOD project [[1]] aims to develop
an AGYV that is both widely deployable and cost-efficient, to
be used in hospitals for indoor transportation of goods, in-
cluding existing legacy containers. A key aspect of these
AGVs, dubbed “ropods”, is their modular design according
to the platform concept, originating from the automotive in-
dustry [2]]. Each ropod is equipped with four swivel cast-
ers containing two separately actuated wheels, creating an
eight-wheeled platform capable of handling heavy loads. It
is important to note the resulting system is over-actuated,

possessing eight actuators to control three degrees of free-
dom.

A significant challenge in controlling the motion of any
wheeled vehicle lies in the occurrence of wheel slip. Slip can
occur whenever a wheel loses traction with its driving sur-
face. This typically happens when the vehicle undergoes a
high acceleration or drives over a slippery surface. A vehicle
with one or more slipping wheels experiences a loss of con-
trollability and is at risk of skidding, resulting in undesired
movement. Additionally, slipping wheels cannot convert
their actuation energy to useful motion as they would un-
der normal rolling conditions, incurring energy loss which is
particularly undesired in battery-powered vehicles. The ro-
pod platform is intended to handle loads of varying size and
weight in a dynamic environment, including changing floor
conditions and obstacles to be avoided. As such, the plat-
form is prone to have to execute manoeuvres that incur slip,
such as a high acceleration or braking motion to avoid colli-
sion with a moving obstacle. While in operation, unintended
motion of the platform due to skidding or even a decrease
in controllability is unacceptable in a hospital environment
where the safety of humans might be compromised. Being
battery-powered, the loss of energy due to slip is undesir-
able as it shortens the length of time for which the platform
can stay in continuous operation. It is therefore an important
requirement in the motion control of the ropod platform to
both prevent the occurrence of slip as much as possible and
ensure a swift recovery whenever slip manifests.

Controlling wheel slip is not an issue limited to the motion
control of mobile robots. In the automotive industry, con-
trol approaches such as the anti-lock braking system (ABS)
and traction control (TC) [3]] have been applied for the better
part of the past century. Such systems aim to prevent skid-
ding of wheels while achieving high driving performance by
controlling wheel torque. For over-actuated electric vehicles
such as the ropod platform, the possibility exists to distribute
a control effort imposed at the vehicle level over different
actuators in order to avoid slip that would occur if a single
actuator were to be used. Making use of this opportunity
requires the slip controller to be an integral part of the over-
all motion control of the vehicle instead of being designed
as a monolithic system controlling slip for each wheel. The
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development of such motion control methods is an active
area of research for electric vehicles in general. This work
explores the possibility to create a slip control method for
the ropod platform that makes use of the ropod platform’s
actuator redundancy wherever this is beneficial.

A. Related work

This subsection gives an overview of existing approaches
towards controlling wheel slip and performing control allo-
cation between multiple actuators. Such approaches com-
prise purely theoretical control laws, control methods tested
in simulations and live-running controllers implemented on
vehicles.

Wheel slip control

The most well-known approaches towards controlling wheel
slip are found in the form of ABS and TC systems, owing
to their widespread use in the automotive industry. In recent
years, the advent of all-wheel drive electric vehicles has led
to the development of new approaches for ABS and TC con-
trol systems. Electric motors possess a significantly lower
actuation delay compared to conventional systems such as
internal combustion engines and friction brakes, allowing
for slip control functions to operate at a higher frequency.
Additionally, the individual control over in-wheel motors al-
lows for the traction and braking dynamics of a vehicle to be
controlled under all driving conditions instead of only under
emergency conditions [4]]. In general, the aim of such sys-
tems is to maintain a certain amount of slip at each wheel,
maximizing traction force while preserving vehicle stabil-
ity. Providing driving comfort is one of their main design
goals, as they are developed for cars with human drivers. In
other domains, such as motion control for Wheeled Mobile
Robots (WMRs), the prevailing approach is to design con-
trollers such that a trajectory following error is minimized.

Control approaches that aim to maintain a certain amount
of wheel slip are mostly seen in cars, where control input is
provided by a driver and preserving driving comfort forms
a requirement on controller behaviour. Such methods re-
quire real-time estimates of wheel slip and tyre-road fric-
tion, typically involving extensive modelling of vehicle and
tyre dynamics. Provided these parameters are known, con-
trolling a target slip can be achieved through PID control
per wheel, both for obtaining TC [3] and ABS functionality
[6]. Controlling wheel slip at all times instead of only dur-
ing acceleration and braking manoeuvres can be achieved
using a model predictive control structure [[7]. However, the
stringent requirements on the vehicle parameters that have
to be known prevents such methods from leaving simula-
tion environments. Methods to include a comprehensive es-
timation of these parameters in the controller design have
been developed [8]], but a major downside is the unpracti-
cally large computational effort required to implement these
in a live-running fashion. Specifically regarding ABS archi-
tectures for car-like vehicles, the possibility exists to opti-
mally divide braking actuation over the electric motors and

hydraulic brakes [9]. A different approach towards con-
trolling the slip ratio is to adapt the saturarion limit of the
wheel torque while tracking a reference wheel speed, signif-
icantly reducing the complexity of the control problem [10]
[11)l. Again however, these methods rely on extensive dy-
namic modelling and real-time estimation of tyre-road fric-
tion. Though mostly limited to cars, methods purely focus-
ing on controlling optimal wheel slip have been investigated
for nonholonomic WMRs [12]]. Such methods are limited to
simulation environments as significant computational effort
is required to compute the control inputs.

Instead of having human drivers dictating control input,
WDMRs possess a motion control structure computing the re-
quired control effort to achieve a desired motion, usually
based on modelled vehicle dynamics. Typically, such mo-
tion controllers aim to solve a trajectory following prob-
lem. The predominate approach towards slip control is to
take slip into account in the overall vehicle dynamics con-
sidered by the motion controller. This way, slip control is
part of the overall motion control problem of the robot. For
nonholonomic robots, numerous control methods have been
devised to address trajectory following in the presence of
both longitudinal slip and skid while turning [13] [14] [13].
These methods employ dynamic models that rely on spe-
cific hardware configurations and are typically of such com-
plexity that they cannot leave simulation environments. For
robots intended to operate in offroad conditions, estimation
methods for the local slip characteristics are of particular
interest [16] [17]. As with similar methods developed for
cars, the feasibility of such methods to be implemented in
a live-running fashion is severely limited by their computa-
tional cost. Aside from WMRs, real-time trajectory-tracking
controllers have been developed for tracked vehicles serving
outdoor agricultural purposes [18]] [19]. Again, these meth-
ods rely on a very specific hardware configuration.

Control allocation

The motion control structure for a vehicle with redundant
actuators commonly includes three levels. At the highest
level, the overall motion of the vehicle is controlled through
virtual control efforts. Second, a control allocation algo-
rithm manages the output of each actuator in order to deliver
the required vehicle-wide control effort. Finally, low level
controllers ensure each actuator produces its desired output
[20]. In addition to meeting the control effort requirement
of a higher level motion controller, a control allocation algo-
rithm can aim to achieve secondary objectives, such as mini-
mizing power consumption or preffering certain specific ac-
tuators. The control allocation problem can be formulated as
a mixed objective function, combining error minimization
with a weighted total control effort minimization objective
[21]]. For wheeled vehicles, the effort of individual actuators
can be weighted to vertical load in order to avoid slip [22]].
To determine the proper weighting for each actuator, exten-
sive knowledge of the relevant forces acting on each wheel
is required. Typically, more complex approaches focus on
the specific configuration and characteristics of the vehicle.



As with wheel slip control systems, electric car-like vehicles
with human drivers are a major area of interest regarding
the development of control allocation methods. A relatively
simple approach is to control the torque distribution ratio be-
tween the front and rear wheels to minimize the yaw velocity
error and between the left and right wheels to minimize the
lateral velocity error [23]]. A more complex approach makes
use of several levels of control, allowing to switch between
control strategies according to circumstances and driver in-
put to optimize for energy consumption [24]]. If the exact ef-
fects of different torque distributions on drivetrain losses are
analytically computed beforehand, a live-running distribu-
tion method can be implemented using a lookup table [23].
All of these methods are designed for the drivetrains of car-
like vehicles and require precise tuning of control parame-
ters. Regarding control allocation methods that specifically
aim to compensate for individual wheel slip, several meth-
ods have been developed. These methods aim to minimize
the squared sum of the wheel slip ratios [26] or a thereof
derived energy loss [27], penalizing slipping wheels accord-
ingly. Again however, these methods are specifically de-
signed for car-like vehicles. Additionally, they rely on an
accurate measurement of slip at the wheel level.

B. Problem statement and objective

The ropod platform is intended to autonomously transport
a wide variety of loads through a highly dynamic environ-
ment. Per task it performs, the dynamics related to the in-
teraction between the robot and its driving surface might
change and are effectively unknown. Additionally, unpre-
dictable local floor conditions can occur while the ropod
is in motion. Owing to safety and energy efficiency con-
cerns, it is desirable for the ropod’s motion control system
to compensate for wheel slip. The objective of this work
is to develop a slip avoidance method for the ropod plat-
form that complements its existing motion control structure.
Considering the ropod’s intended use, it is not necessary for
this method to maximize driving performance by controlling
the exact amount of wheel slip: merely preventing excessive
wheel slip is sufficient. Integration in the motion control hi-
erarchy has to be taken into account: the method must not
behave as a black-box system for higher levels of motion
control and planning but rather communicate clearly what
influence it exerts on the overall motion of the ropod. Given
the ropod’s actuator redundancy, this work will also explore
the possibility to increase driving performance under haz-
ardous conditions by including control allocation over the
different wheels. Additionally, it is desirable to minimize
the method’s reliance on a single hardware configuration,
e.g. a specific set of actuators and sensors, considering the
intended modularity of the ropod’s design. In order to run in
a real-time fashion, any implementation of the method must
be computationally inexpensive. To the best of the author’s
knowledge, no slip avoidance method exists as of yet that
meets all these requirements. As part of this project, the de-
vised method will be implemented on a ropod prototype and
evaluated through experiments.
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C. Paper organization

First, the approach of the proposed slip avoidance method is
detailed in Section II. Section III details how the proposed
method is implemented on the ropod platform. In Section
IV, the proposed method is experimentally validated and an
evaluation of its performance is given. Finally, Section V
concludes the paper and gives recommendations for future
work.

II. Approach

This section details the proposed methodology towards slip
avoidance for the ropod platform. First, the approach to-
wards avoiding slip for a single wheel is derived. From
there, the proposed integration of this approach in the ro-
pod’s motion control structure is explained.

A. Wheel slip avoidance

The main purpose of the ropod platform is the transporta-
tion of goods in a hospital. As such, a ropod will typically
be tasked to navigate hallways while hauling a load. Conse-
quently, the ropod’s wheels are expected to be at risk of slip-
ping during straight-line motion: either during the execution
of acceleration and braking manoeuvres or when a change
in local floor conditions is encountered. In this project,
only longitudinal slip of the ropod’s wheels occurring dur-
ing straight-line motion is considered. Although lateral slip
might occur to some extent during cornering manoeuvres, it
is assumed not to reach significant values compared to longi-
tudinal slip under normal operating conditions. For a single
wheel, let the longitudinal wheel slip ratio be defined as

yfrw(bw
y

Ay = — ; )

with y denoting the ropod’s forward velocity in % ®,, the
[rad]

[s]
in [m]. According to this definition, wheel slip during accel-
eration of the ropod is represented with a positive value of
A, and wheel lock-up during braking with a negative value.
Only non-negative velocities are considered. As described
in the problem statement, the objective of a prospective slip
avoidance method is to prevent the amount of wheel slip,
represented by A,,, from reaching a certain value considered
to be excessive. The control objective per wheel is then de-
fined as preventing A,, from exceeding some predetermined
value Ay, max representing the lower limit of said excessive
slip. For clarity, the remainder of this analysis is conducted
for positive values of A,: an analogue derivation can be
made for negative values of A,,..

wheel’s rotational velocity in and r,, the wheel’s radius

The amount of slip a wheel exhibits is related to the tractive
force F; that enables the wheel to perform a rolling motion
over a driving surface. The tractive force is defined as

Fi = u(Aw)Fy, @)
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where 1 denotes the surface adhesion coefficient, which is
a function of A,,, and Fy denotes the normal force acting on
the wheel. The shape of the non-linear function p(A,,) is
dependent on the local tractive properties of the driving sur-
face. In Figure[l] an example of typical slip characteristics
of car wheels for different road surface conditions is shown.

Dry Pavement

Wet Asphalt

Adhesion

Coefficient (1)
Unpacked Snow _/
0 1.0

Wheel Slip (%)

Fig. 1: Typical wheel slip characteristics of car wheels for
different road surface conditions [J3]].

The ropod platform is intended to operate in a highly dy-
namic environment and as such, required to be able to han-
dle unknown local floor conditions. Consequently, the slip
characteristics of the ropod’s wheels are considered to be
unknown. However, it is assumed the shape of the func-
tion (A, ) does not change during the execution of a slip-
inducing manoeuvre, such as performing a straight-line ac-
celeration. This way, during said manoeuvre, for the pre-
defined maximum slip ratio of A, ;. there exists a corre-
sponding constant value (A, qc) = C1 where the tractive
force reaches the maximum allowed value of

E,max = .u(aw,max)FN 3)
=CiFy.

Note that depending on the shape of (t(A,,), this value might
occur for more than one slip ratio: in this case, F; ;4 repre-
sents the value occurring for the lowest amount of slip. The
actuation of the wheel comes in the form of torque applied
by the motor axle. As detailed in Appendix A, in order to
not exceed F; 4y, the applied torque T must not exceed the
maximum value of

Tmax = P7 (4)

where P is an unknown variable, assumed constant for the
duration of the slip-inducing manoeuvre. The desired slip
avoiding behaviour of the wheel is achieved when P is cho-
sen such that it represents the limit for excessive slip and
T is controlled accordingly. Therefore, at the wheel level,
the strategy of the proposed slip avoidance method is to per-
manently limit the torque applied to the wheel to 7,,,, and
ensure this value is kept adequately updated to represent the
limit for excessive slip.

B. Control allocation

At its core, the ropod platform consists of a rigid frame ac-
tuated by four swivel casters which consist of two separately
actuated wheels. Consequently, the ropod as a whole forms
an over-actuated system which possesses eight actuators to
control three degrees of freedom. A schematic representa-
tion of a ropod’s wheel layout is shown in Figure 2}

Fig. 2: Schematic representation of the ropod platform’s
wheel layout. The platform possesses eight wheels to con-
trol two translations and one rotation.

The control effort requested from the wheels is the sum of
the control effort required to achieve a desired motion of the
entire platform and any additional control effort required to
prevent undesired rotation of the caster pivots during said
motion. As the latter is indispensable to the motion control
of the platform, it is not to be altered for the purpose of slip
avoidance. As such, only the control effort relating to the
motion of the entire platform is of interest. At the platform
level, the ropod’s motion is controlled through the wrench
w, applied on the platform, which comprises a vector of
virtual control efforts:

Wy = [fers fyrs Tor] (5)

where fy, and f,, represent the forces applied to the platform
in the local coordinates XX and Y%, and 7, represents the
torque applied on the platform [28]. The wrench relates to
the vector T, containing the wheel torques according to

W, =G S(q)%, (6)

where G” and S(q) are matrices which together map the vec-
tor 7,, consisting of the wheel torques to the wrench applied
on the platform, making use of the vector g representing the
full state of the ropod, as detailed in [28]. The resulting
control allocation objective is formulated as the following
quadratic optimization problem [28]:

minimize TP, +pa,
Ty
S.t. GT(q)S(q)?W = (l — OC)WW (7)
%min § %w S %ma)ﬁ
0<a<l.



The goal of this optimization is to meet the required
platform-level control effort w, while minimizing the total
control effort in terms of wheel torques 7,,. The individual
wheel torques in T,, can be weighted according to the ma-
trix P,. Additionally, T,, is constrained according to the val-
ues of T4 and Ty, providing respectively upper and lower
bounds on the individual wheel torques. To ensure the prob-
lem is always feasible, W, can be scaled using the auxiliary
variable @, which is penalized in the cost function according
to the parameter p.

In order to avoid excessive slip, the torque applied to each
wheel must be limited to the maximum value of 7T,,,, at all
times. Therefore, the aim of the proposed slip avoidance
method is to have the constraints on each element of the
wheel torque vector T,, in the optimization function repre-
sent these maximum values for the corresponding wheel. As
aresult, T, and T,,;, represent the torque limits in each di-
rection of motion of the wheels. It is assumed that all times
holds that —7%,,;;, = Tnax. If, for whatever reason, these lim-
its are not identical for all wheels, control effort can be dis-
tributed in a non-uniform manner over the wheels to meet
the desired w,,. No other restrictions are imposed on the con-
trol allocation problem. Indeed, the objective function itself
is not influenced by the slip avoidance procedure: the ob-
jective is still to meet the platform-level control effort while
minimizing the total torque produced at the wheels. If the
constraints imposed on 7, are collectively strict enough, it
becomes impossible to solve the allocation problem without
scaling the desired w, with a nonzero value of «. If the value
of p is chosen such that scaling the platform-level control ef-
fort is penalized more than increasing the wheel torques, the
value of & gives a clear indication on how much the desired
motion of the ropod is impacted by the current values of the
actuation constraints.

Note that this work does not assert the control allocation
problem is best solved using this specific objective func-
tion. For the purpose of slip avoidance, only adherence to
the torque constraints is required. This particular objec-
tive function is employed to showcase the possibility of in-
cluding additional goals to be accomplished through control
allocation. If so desired, individual wheel torques can be
weighted using the matrix P, according to e.g. energy effi-
ciency characteristics of the motors. In the remained of this
project, it is assumed slip avoidance is the only additional
concern of the ropod’s motion control. No individual wheels
are penalized using P,, and p is set sufficiently high to en-
sure o > 0 only when the allocation problem would other-
wise be infeasible. This way, the value of & can be used to
provide a platform-level indication of how much wheel slip
interferes with the ropod’s desired motion.

C. Resulting strategy

The goal of the proposed slip avoidance method is to con-
strain the control allocation problem with the wheel slip
limits contained in T4 and T,;,, which at all times relate
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according to Ty, = —Tmax With Ty, defined positive. Al-
though approximated as constants, these limits are unknown
and change for each slip-inducing manoeuvre the ropod ini-
tiates. In order to keep them adequately updated, the ropod
is required to possess the functionality to detect excessive
slip at each of its wheels. The proposed update strategy is
as follows. Initially, when the ropod starts operation and
no wheel slip has been encountered, the torque constraints
for each wheel are set to the saturation limit Ty, of the mo-
tor. When excessive slip is detected at a wheel, expected to
occur when the ropod initiates a manoeuvre such as straight-
line acceleration, the corresponding constraint is reduced
(though never reduced below zero) until the wheel no longer
slips. Depending on the amount by which said constraint is
reduced, conservatism is introduced in the control allocation
problem. In order to reduce this conservatism and poten-
tially increase driving performance, it can be attempted to
increase the value of the constraint once slip has been suf-
ficiently reduced. However, in doing so the wheel is at risk
of entering a state of excessive slip again. As slip avoidance
is prioritized over driving performance, this strategy is not
explored within the frame of this project. It is proposed the
decision to attempt to increase the constraints or reset them
to Ty is left to a higher level of motion control, which can
evaluate if the ropod is still at risk of slipping.

The proposed slip avoidance method places a number of re-
quirements on different components of the ropod’s motion
control system. The method itself operates at the control
allocation level, situated between the platform-level control
of the ropod’s motion and the low-level control of the actua-
tors. First, the method requires the presence of a wheel slip
detector at a lower level. The purpose of this detector is to
communicate the occurrence of excessive wheel slip to the
higher levels of control. At a minimum, this communication
takes the form of a boolean per wheel to indicate whether
excessive slip is present or not. More extensive information
could be used to reduce conservatism on the torque con-
straints, but is not required for the functioning of the pro-
posed method. Secondly, the presence of a higher level con-
troller is required that decides when the risk of raising the
torque constraints is taken. Ideally, this controller is able to
assess whether conditions relating to slip have changed suf-
ficiently to warrant this risk, such as caused by, for instance,
the ropod entering an area with a different driving surface.
In addition, it can take into account the scaling applied by
the control allocation algorithm to the desired platform-level
control effort and decide whether or not driving performance
needs to be improved. Regardless of the exact mode of oper-
ation of such a controller, it is proposed that at a minimum,
all torque constraints are reset to Ty,; whenever the ropod
concludes an operation cycle. To summarize, the proposed
slip avoidance method receives input from a slip detector on
the slip state of each wheel and in turn outputs the control
effort scaling factor to higher levels of control.
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III. Implementation

In this section, the implementation of the proposed slip
avoidance method on a prototype of the ropod platform is
detailed. First, an overview of the ropod prototype and its
existing motion control system is given. Secondly, the in-
tegration of the proposed method in the platform’s motion
control system is explained. Finally, the implementation of
the other motion control components required by the slip
avoidance method is discussed.

A. Overview of the ropod platform

The ropod platform prototype is shown in Figure 3] The
central aspect of its design is the use of modular wheel units,
called “Smart Wheels”. The Smart Wheel is developed from
the PowerWheel 200, depicted in Figure i} which was de-
veloped in the run-up to the ROPOD project [29]]. At its
base, a Smart Wheel (SWh) consists of a swivel caster with
two wheels separately actuated by embedded brushless dc
motors. Through embedded electronics, the SWh handles
low-level control of the motors itself, providing the control
effort required by higher levels of control. In addition, the
SWh features extensive sensing capabilities, enabling real-
time monitoring of various aspects of its state. In particular,
it is equipped with encoders, gyroscopes and an IMU which
allow to measure the individual wheel velocities, pivot ve-
locity and acceleration of the SWh.

Fig. 4: PowerWheel 200, from which the Smart Wheel is
developed [29]].

The motion control system of the ropod platform is currently
in an active state of development and does not yet possess
all the functionality envisioned by the ROPOD project [28].
Within the frame of this work, only the existing lower levels

of motion control are considered that allow the ropod to per-
form the straight-line manoeuvres required to test the pro-
posed slip avoidance method. The lowest level of motion
control is handled by the SWhs themselves, which ensure
each motor produces the torque as required by the platform-
level control system. At the platform-level, the motion con-
trol system effectively consists of two control loops operat-
ing in parallel. The primary control loop concerns itself with
control allocation using the vector of virtual control efforts
Wp = [fers fyrs Tor|”, as detailed in Section II. Additionally,
a second control loop is present for each SWh which damps

the velocities of the pivots & in order to remove undesired
oscillations that might occur during movement. These con-
trollers consist of a low gain, a lead-lag filter and a low-
pass filter. The vector of required wheel torques 7 ultimately
send to the SWhs is the sum of the output of these two con-
trol loops. A consequence of this control structure is that
the resulting applied wheel torque does not necessarily ad-
here to the constraints defined by 7,4.. Therefore, using
the proposed slip avoidance method, each constraint has to
compensate for the torque applied by the pivot velocity con-
troller in order to avoid excessive wheel slip. As a result, the
constraints might deviate from the actual excessive slip lim-
its of the wheels. Controlling the pivot velocity is however
an essential part of the motion control system considered
in this work: the ropod is not able to perform the intended
straight-line acceleration without this control loop. The out-
put of the pivot velocity controller is therefore considered a
part of the unknown slip-related dynamics of the ropod and
not modified in any way.

As of yet, the ropod’s motion control system does not con-
tain a higher level of motion planning capable of providing a
reference motion in terms of the wrench w), to the lower lev-
els of control. In this work, a motion control system is used
that relies on tracking a given reference velocity vy, describ-
ing the desired trajectory in terms of the local velocities XX,
YR and @R of the ropod [28]. The main platform-level con-
trol loop contains a controller tasked with following this tra-
jectory, taking the velocity error as input and providing the
output w, to the control allocation function. A schematic
overview of the ropod’s control structure is given in Fig-
ure Here, C,(s) and C,(s) represent the platform velocity
controller and pivot velocity controllers, respectively. The
control allocation function f;(g) is implemented according
to the approach detailed in Section II. It adheres to the vector
of actuation constraints 7,,,,, which in turn is determined ac-
cording to the proposed slip avoidance method. Lower level
control and odometry are not depicted separately from the
ropod itself.

The aforementioned motion control system is implemented
in Simulink, from which it is compiled to an executable to
run on the ropod platform. The control loop is set to operate
at a frequency of 1000 Hz. As such, any provided velocity
reference is sampled at this same frequency. Furthermore,
it is assumed the SWhs low-level control system is able to
operate within the provided time frame.
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Fig. 5: Schematic overview of the existing platform-level
motion control structure, as considered in this work. The
proposed slip avoidance method provides the vector of ac-
tuation constraints T, to the control allocation function

fe(q).

B. Updating the actuation constraints

The update strategy for the constraints 7,,,, imposed on the
control input T, proposed in Section II is implemented as
part of the ropod’s motion control loop. Per motion con-
trol iteration, the implemented algorithm is called to update
the torque constraint on each wheel based on the input re-
ceived from the wheel slip detector mentioned in Section II.
The minimum required input from the slip detector consists
of a boolean indicating whether excessive slip is present or
not. Furthermore, the algorithm assumes the presence of
a higher level motion planner that decides when to reset the
constraints to their initial values. A major additional require-
ment for the algorithm is to account for the potential dif-
ference in the time scales at which the motion control loop
operates and on which the slip dynamics take place. Given
the control loop’s operating frequency of 1000 Hz, it is ex-
pected the slip dynamics take place on a larger time scale
than the maximum of 1 millisecond available between two
control iterations. To account for this larger time scale, the
algorithm needs to incorporate the functionality to allow the
slip dynamics enough time to resolve after each change in a
wheel’s constraint. This is achieved by having the algorithm
wait a certain number of control iterations after reducing a
constraint before it considers doing so again.

A pseudocode description of the implemented algorithm is
given in Algorithm 1. The algorithm consists of the follow-
ing parts:
Line I: when the ropod starts operation, the initial val-
ues of the torque constraints contained in %, are set to
the saturation limit 7,, of the motors. Note that Ty, is
assumed equal for all motors in this particular implemen-
tation.
Line 2-4: for each iteration k of the motion controller, the
counters in 7 are updated and the algorithm loops over
all eight wheels.
Line 5-7: if excessive slip is detected at wheel n and the
corresponding counter has run its course, Tpqy(n) is re-
duced. The input accepted from the slip detector con-
sists of a binary value, indicating whether excessive slip
is present or not. Given the previous input 7,,;_;(n) to
the wheel, Tqx(n) is set to a value below this input, de-
termined by the gain K. Whenever the value of T, (n) is
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Algorithm 1 Actuation constraints update algorithm

Inputs: Tk €R Applied torque input, [Nm]
s e{0,1} Slip detector output, [-]
cx €1{0,1} Higher level request, [-]

Output: Tmaxk € [0, Tsar] Torque constraint, [Nm]

Parameters: K € (0,1) Update gain, [-]
T, €Nt Update wait iterations, [-]
Toar €RT Saturation torque, [Nm]

Variables: fs,k eN Update counter, [-]

1: k=0, ?max.,o = Tsat» zv,() =0

2: while k4 + do

3 Tog =Top—1—1

4 forn=1:8do

5 if 5i(n) =1 & 7 x(n) <0 then

6 Bk (1) =] i1 (1) | —K | By 1 () |

7 Ty i(n) =T,

8 elseif ¢, =1 & 5i(n) =0 then

9 ;Emax.k (I’l) = Tsat

10 else
11 Tnax k(1) = ?max,k—l (n)

reduced in this manner, the corresponding counter is set to
%,(n) = T,, prompting the algorithm to wait for at least 7,,
iterations before reducing 7, (n) again.

Line 8-9: if no slip is detected and a higher level motion
controller requests it, the actuation constraints are reset to
Tsat- This can happen, for instance, when the ropod con-
cludes a slip-inducing manoeuvre or enters an area with a
different driving surface. As with the input from the slip
detector, this input takes the form of a binary value.

Line 10-11: when no slip is detected and no request from
a higher level controller is received, the current value for
the constraint is maintained.

Of the three adjustable parameters in the algorithm, only the
saturation torque Ty, is a fixed property of the motors. Both
the gain K and number of wait iterations 7, are tunable: their
values impact the overall performance of the algorithm. The
value of K determines the size of the step by which 7, is
reduced for a wheel. A large value of K results in a large re-
duction of 7, and vice versa. In situations where multiple
reduction steps are required to reach the desired constraint
value, choosing a larger value for K might reduce the num-
ber of steps and therefore the total time required to recover
from excessive slip. For cases where a single reduction step
is already sufficient, a smaller value for K might reduce con-
servatism in the resulting constraint. As the ropod is ex-
pected to face a host of different local driving conditions, K
will have to be chosen such that it represents a trade-off be-
tween recovery time and constraint conservatism. The value
of T, determines how many controller iterations lie between
two subsequent reduction steps. It is assumed a minimum
value for 7, exists below which the algorithm does not al-
low for enough time to pass for the wheel to recover from
excessive slip, even if 7, is sufficiently reduced. Further-
more, there might be a relation between the recovery time
and conservatism in the updated constraint. If the updated
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value of 7, lies well beneath the physical slip limit, the
wheel might need less time to recover from excessive slip
compared to when 7,,,, lies close to the slip limit. An ob-
vious downside to choosing a large value for 7, is an in-
crease in recovery time if multiple reduction steps are to be
performed. As a swift recovery from excessive slip is pri-
oritized over driving performance, 7, will be chosen such
that recovery time is minimized. In Section IV, the effect
of choosing different values for both 7, and K on the algo-
rithm’s performance is explored through experiments.

In addition to the desired constraints imposed by 7, the
control allocation optimization described by equation [7] re-
quires an adequate value for the parameter p penalizing scal-
ing of the reference virtual control effort. At all times, this
value needs to be sufficiently high so that scaling the ref-
erence is penalized more than exerting control effort at the
wheels.In order to achieve this, & is penalized according to

pr =N * maX(%max,k)z’ ®)

with N = 8 the number of wheels of the ropod platform. The
torque applied to the wheels is penalized in the objective
function according to 7L P, 7,,, with the weighting matrix P,
kept as the identity in this work. As such, it is always less
expensive to increase the applied torque than it is to scale
the reference. This way, scaling is only performed when the
desired control effort of the ropod can not be delivered.

The algorithm described in this section operates under the
assumption that the measured excessive slip at a wheel is
the direct result of the torque applied to the wheel during the
previous iteration of the motion control loop. In reality, due
to the assumed larger time scale at which the slip dynamics
take place, said slip is the result of the torque applied over a
longer period of time, i.e. over multiple previous iterations.
To take this into account, the torque input ’_fw,k—l considered
in Algorithm [I] would have to be modified to represent the
applied torque on a larger time scale. This can for instance
be achieved by applying a low-pass filter over the applied
torque before making use of it in the constraint update al-
gorithm. For the straight-line manoeuvres considered in this
work, it is assumed the torque applied to each wheel does
not change significantly for at least the time it takes for ex-
cessive slip to occur. Therefore, only the torque applied to
the wheels in the previous control iteration is considered.
Within in the frame of this project, the effect of this assump-
tion on the algorithm’s performance is not investigated. It
is understood that this assumption does not hold for more
complex manoeuvres involving high frequent changes in the
torque applied to the wheels.

C. Other control components

As described in Section II, the slip avoidance method com-
municates with a slip detector and the higher platform-level
motion control of the ropod. As such, it places certain re-
quirements on these components of the ropod’s control sys-
tem. The following describes how these components are im-

plemented for the purpose of testing the proposed slip avoid-
ance method.

Slip detection
The SWhs possess extensive motion sensing capabilities ca-

pable of providing odometry data to higher levels of con-
trol. Previous work performed as part of the ROPOD project
has resulted in the development of a Kalman filter frame-
work which fuses the sensor data from the SWhs to estimate
the ropod’s state [30]. Additionally, this work proposes a
method to detect wheel excessive wheel slip based on the
Kalman filter’s output. More specifically, it makes use of
the residual of the a priori estimation of the wheel’s veloc-
ity, defining the detection of excessive slip as this residual
exceeding the value of 0.15 7. In this work, the aforemen-
tioned method is implemented in the ropod’s motion con-
trol system to provide the required slip detection capabili-
ties. As per its minimum required functionality, the detector
only outputs whether this excessive slip is present or not: no
further information on wheel slip is assumed to be available.
In future work, the proposed slip avoidance method could be
improved by developing a slip detector that can quantify the
amount of excessive wheel slip. The constraint reduction
gain K could be made dependent on this amount, improving
the accuracy of the resulting 7,,,,. A simple way to achieve
this is to implement a lookup table for different values of
K depending on the amount of slip. The slip detector input
of Algorithm [I] can readily be changed from a binary value
to an integer representing indices for this table. Within the
frame of this project however, no further research towards
improving wheel slip detection is performed.

Higher level control
The platform-level motion control requires the reference ve-

locity V, as input from a higher level motion planner. In
addition, the proposed slip avoidance method relies on input
from a higher level to decide, at the bare minimum, when to
reset the actuation constraints. As of yet, no high-level plan-
ner has been developed for the ropod platform that meets
these requirements. For the experiments performed in this
work, the ropod is provided a priori with a full reference tra-
jectory including the input ¢, for actuation constraints up-
date algorithm, sampled at the operating frequency of 1000
Hz. In accordance with the described minimum require-
ments, this input consist of a binary value, indicating at
which time instant the constraints in 7,4 have to be reset
to Ts. For the straight-line acceleration manoeuvres con-
sidered in this work, this is set to be the case each the ropod
concludes an acceleration. In order to include further func-
tionality, this input could be changed to an integer in the
same manner as the input from the slip detector. Instead of
only being able to reset the constraints, Algorithm [T] could
be expanded to include the possibility to piecewise increase
the constraint values instead according to

;L:max.,k(n) = %max,kfl (n) +K2?mwc,kfl (n) (9)
for a certain tunable gain K. By increasing T, in this man-
ner, conservatism in the constraints might be reduced in the



face of a slip hazard. Note however that this procedure re-
quires a certain wait time between steps in the same manner
as when reducing Tp.x. As with the gain K, different val-
ues for K> could be stored in a lookup table. Again how-
ever, the possibility of expanding the functionality of higher
level motion planning is not explored within the frame of
this project.

I'V. Experimental results

This section details the experiments performed to evaluate
the performance of the proposed slip avoidance method, im-
plemented as described in Section III. First, a suitable value
for the number of iterations between update steps T, is de-
termined. Secondly, the effect of different values for the
gain K on the controller’s behaviour is investigated. Lastly,
the overall performance of the proposed method is evaluated
and points for improvement are identified.

A. Tuning of wait parameter T,

As described in Section III, it is desirable to choose 7, such
that the resulting slip recovery time is small. To achieve
this, 7, should lie close to the minimum time a wheel needs
to recover from excessive slip. To experimentally determine
T, Algorithm [T]is modified to reduce each constraint in a
single step with a fixed amount when slip is detected at the
corresponding wheel. By subsequently measuring the num-
ber of control iterations it takes for the slip to disappear, a
suitable value for 7, can be determined. As it is unknown
beforehand by what fixed amount the constraints should be
reduced, multiple experiments have to be performed for dif-
ferent step sizes in the range of (0,7, ]. Additionally, since
the slip-related dynamics are dependent on the local driving
surface, it is desirable to perform the same experiments on
different floor types.

In order to induce excessive slip, a velocity profile corre-
sponding to an acceleration of 4 5@2 is imposed on the ropod
for 0.5 s. The initial value for the constraints is set to Ty, =
2.8 Nm. In a series of experiments, these constraints are re-
duced with a single step over the range of 0.4:0.4:2.8 Nm.
Note that the step size of 2.8 Nm corresponds to a constraint
reduction to 0. The experiments are repeated for three dif-
ferent floor types: the carpet of the RoboCup field, a plastic
laminated floor and a floor consisting of smooth tiles, all
of which are present at Gemini-Noord, TU/e. Within this
work, these floor types are referred to as “field”, “floor” and
“tiles”, respectively. The tractive properties of these sur-
faces are unknown but assumed different: it is expected the
field offers the most traction and therefore leads to the least
amount of slip, followed by the floor. Each series of exper-
iments, i.e. each set of experiments over the given range of
fixed step sizes for a certain floor type, is performed twice.
Between series, the ropod is subjected to a complete power
cycle. Per step size and floor type, the number of control
iterations it takes for excessive slip to disappear is averaged
over all wheels that experienced excessive slip. The results
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are shown in Figure[6] In Appendix B, a detailed explana-
tion is provided on how the relevant data is extracted from
the measurements at the individual wheels.

Average wait time
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Fig. 6: Average number of control iterations it takes to re-
cover from excessive slip, averaged over all slipping wheels.
Additionally, the individual results are depicted. The value
chosen for 7, is 8 iterations, corresponding to 8 ms.

In addition to the average number of control iterations, Fig-
ure [6] shows the individual result for each wheel, providing
an indication of the spread of these results. Only the step
sizes of 1.6 Nm and higher prove to be sufficient to recover
from excessive slip. As can be seen, there exists a corre-
lation between the step size and the resulting average wait
time. This indicates a relation exists between the time re-
quired to recover from slip and the conservatism on the up-
dated constraint: the closer the updated constraint lies to the
physical slip limit, the longer it takes for excessive slip to
disappear. Furthermore, the results show a large spread in
the wait times of the individual wheels, indicating a sig-
nificant difference in the slip characteristics of individual
wheels. This is most likely caused by differences in the nor-
mal force Fy acting on each wheel. As described in Ap-
pendix A, Fy is expected to be dependent on the position
of the wheel relative to the motion of the ropod. The conse-
quences of this effect are explained in more detail in the next
subsection. The value chosen for 7, is 8 iterations, corre-
sponding to 8 ms given the controller’s operating frequency
of 1000 Hz. This value is used for all experiments in the
remainder of this work.

B. Tuning of gain K

The gain K determines the size of each constraint reduction
step. With the wait time 7, fixed, K is the sole adjustable
parameter with which the controller’s performance can be
influenced. As described in Section III, choosing a certain
value of K is expected to result in a trade-off between the slip
recovery time and conservatism on the reduced constraint of
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a wheel that experiences excessive slip. In order to evalu-
ate the performance of the controller, this trade-off has to
be quantified at the platform level instead of at individual
wheels. A measure for the slip recovery time at the plat-
form level can be readily obtained by adding the times spent
slipping of the separate wheels together. A measure for the
overall conservatism on the actuation constraints is found in
the scaling 1 — o applied by the control allocation algorithm
on the desired platform-level control effort. For different
values of K, the resulting controller’s performance can be
expressed by evaluating these two properties.

In a series of experiments, the platform-level scaling and to-
tal time spent slipping are measured for values of K in the
range 0.1:0.1:0.9. The same velocity reference correspond-
ing to an acceleration of 4 sz for 0.5 s is imposed on the
ropod. The full constraints update algorithm described by
Algorithm [T] is implemented, using a fixed value of 8 iter-
ations for 7;,. The experiments are performed for the three
previously described floor types. Again, each series of ex-
periments is performed twice. The results are shown in Fig-
ure [7)and [§] for the scaling and total slip time, respectively.
An example of the measurements at the individual wheels is
given in Appendix B.

The results of Figure[7]and [§]are the average of the two per-
formed measurement series. The results of the individual
series are depicted as well. As expected, the results follow
the trend that an increase of the value of K leads to more
scaling applied to the input but less total time spent slip-
ping. The field is shown to indeed offer the most traction
out of the three floor types, as both the least amount of scal-
ing is applied here and the least time is spent slipping. The
tiles are shown to provide the least amount of traction. In a
general sense, no optimal value exists for K. If minimizing
input scaling is prioritized, the smallest value for K provides
the best performance. A gain of K = 0.6 is shown to be a
good option if the total slip time is desired to be small. Gains
higher than this value lead to unnecessary constraint conser-
vatism on the considered floor types, as they increase scaling
without further reducing slip time.

In addition to the direct effect the specific value of K has on
the slip recovery of an individual wheel, it also influences
platform-level performance in an indirect manner. When
a wheel’s actuation constraint is reduced due to excessive
slip, the torque applied to one or more other wheels will in-
evitably be increased if the same total control effort is to
be achieved. Provided the applied torque on these wheels
initially lay below the respective wheel’s slip limit, this in-
crease in torque puts these wheels at risk of entering a state
of excessive slip as well. Depending on the value of K, the
actuation constraints of these wheels might then be reduced
to below the initial torque that did not cause slip. This un-
necessarily increases both the control effort scaling and to-
tal slip time. For the straight-line acceleration considered in
this work, this effect might manifests itself between the front
and rear wheels of the ropod. As described in Appendix A,
the normal force Fy acting on the wheels is expected to be
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smaller for the front wheels of the ropod. This gives rise
to a pattern where the front wheels of the ropod exhibit ex-
cessive slip first, followed by the rear wheels after the ap-
plied torque to these wheels is increased. For the performed
experiments, this pattern can indeed be observed from the
individual wheel measurements, as shown in Appendix B.
In certain cases, the decrease in performance due to this ef-
fect might outweigh the potential benefits from the control
allocation the proposed method aims to facilitate. For an
increasing value of K for instance, the actuation constraint
reduction on the front wheels increases which in turns leads
to more torque being applied to the rear wheels. As a result,
the rear wheels have an increasing chance to enter a state
of excessive slip, upon which their actuation constraints are
severely reduced as well. For a sufficiently large value of K,
the proposed method might perform poorer than a method
that does not attempt to make use of the ropod’s actuator re-
dundancy. To evaluate the merits of the proposed method to
update all actuation constraints separately, its performance
is compared to that of a simplified procedure where all con-
straints are equally reduced when a wheel exhibits excessive
slip.

C. Evaluation of controller performance

To evaluate the merits of the proposed slip avoidance
method, its performance is compared to a simplified method
that does not take into account the actuator redundancy of
the ropod. To this end, Algorithm [I]is modified to no sep-
arately update each actuation constraint. Instead, whenever
excessive slip is detected at a wheel, all constraints are re-
duced to the same value as the constraint of the concerned
wheel. After each update, the algorithm is set to wait for 7,
iterations before reducing the constraints again. Using this
implementation, the same experiments for values of K in
the range of 0.1:0.1:0.9 are performed. Again, the platform-
level scaling and total time spent slipping are measured for
the three different floor types, with each series of experi-
ments repeated twice. It is expected this modified method
prevents the cascade of excessive slip occurrences at the rear
wheels, leading to less time spent slipping and potentially to
less control effort scaling. The results are shown in Figure
[ separated per floor type.

Again, Figure[0]shows both the average of the two measure-
ment series and their individual results. As expected, it is
shown that the total slip time is significantly lower for the
simplified method. In particular, a dramatically reduced slip
time can be observed for the tiles. Regarding the scaling,
the proposed method is shown to offer better driving per-
formance than the simplified method. Only for the largest
values of K, which have already been found to lead to unnec-
essary constraint conservatism, does the simplified method
lead to less scaling. It can therefore be concluded that it
does indeed offer an advantage in terms of driving perfor-
mance to make use of the redundancy in the ropod’s actua-
tors when avoiding excessive slip. A required condition is
that K is chosen not too large to offset the benefits of being
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Scaling for different gains
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Fig. 7: Platform-level control effort scaling for different values of the gain K. A clear trend is visible where larger values of
K lead to more scaling. The results shown are the average of two measurement series.
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Fig. 8: Slip time summed over all wheels for different values of the gain K. For smaller values of K more time is spent
slipping. The result shown are the average of two measurement series.

able to distribute input in a non-uniform manner. Addition-
ally, a number of modifications could be made to the pro-
posed method to account for the aforementioned effect. As
proposed in Section III, a possible improvement of the pro-
posed method is to make K dependent on the amount of slip
a wheel experiences. This way, the rear wheels are less at
risk of experiencing unnecessary conservatism in their actu-
ation constraints when they exhibit excessive slip indirectly
induced by the front wheels. Alternatively, if the distribu-
tion of Fy between the front and rear wheels can be de-
termined, the ratio between the actuation constraints of the
front and rear wheels could be fixed according to this distri-
bution. Whenever the front wheels start exhibiting excessive
slip, the actuation constraints of the rear wheels can already
be reduced accordingly.

V. Conclusion

In this work, a wheel slip avoidance method for the ropod
platform is proposed. Owing to safety and energy efficiency
concerns, the aim of the method is to avoid the occurrence of
excessive slip at any of the ropod’s wheels. This is achieved
by constraining the input to each of the ropod’s actuators
to the maximum allowable value before the corresponding
wheel exhibits excessive slip. Adhering to these constraints,
the existing higher level motion controller allocates a de-
sired platform-level control effort over the wheels. If nec-
essary in order to keep the control allocation problem feasi-
ble, this controller downscales the desired effort. As such,
the slip avoidance method complements the existing motion
control structure and does not behave like a black-box sys-
tem to higher levels of control. The actuation constraints
are updated based on the output of a slip detector, which
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Fig. 9: Comparison between the two actuation constraint update methods in terms of control effort scaling and slip time
summed over all wheels. The results are separated per floor type. The results shown are the average of two measurement
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communicates whether or not a wheel has entered a state of
excessive slip. The proposed method is computationally in-
expensive and its operating principle is not limited to any
single hardware configuration. In its basic form, the method
does not require real-time knowledge about the ropod’s dy-
namics and local floor conditions aside from the output of
the slip detector. The proposed method has been imple-
mented on a prototype of the ropod platform and experimen-
tally evaluated for straight-line acceleration of the ropod.

The performance of the implemented actuation constraint
update algorithm is dependent on the value of two param-
eters. The first is the minimum number of control iterations
T, to wait between to successive constraint updates: a suit-
able value for this parameter has been experimentally deter-
mined. The second parameters is the gain K, determining
the amount by which each constraint is reduced to below
the previous actuator input. The effect of the value of K on
the algorithm’s performance has been investigated through
experiments. Using a small value for K results in less scal-
ing being applied the desired control effort, but more total
time spent slipping by the wheels. A high value for K leads
to less time spent slipping, but more scaling being applied
to the control effort. Depending on the desired behaviour
of the algorithm, the value of K has to be chosen such that
it represents a suitable trade-off between these two perfor-
mance aspects. Whenever an actuation constraint is reduced,
the actuator redundancy of the ropod allows to increase the
torque applied to wheels that do not exhibit excessive slip in
order to meet the desired total control effort. An unintended
effect of this behaviour is that these wheels might enter a
state of excessive slip as a direct result of this increase in
applied torque, unnecessarily compromising driving perfor-
mance. The proposed method has been compared to a sim-
plified method that uniformly reduces all constraints when-
ever excessive slip is detected at a single wheel. This simpli-
fied method is shown to reduce the total time spent slipping,
but also to increase the scaling applied to the desired con-
trol effort. It is therefore concluded the actuator redundancy
of the ropod can indeed be used to increase driving perfor-
mance.

In future work, the proposed slip avoidance method can be
expanded in a number of ways. The performance of the
method can be readily improved by making use of a more
advanced slip detector. In this work, a binary input from the
slip detector is considered, providing only the information
whether or not a wheel is exhibiting excessive slip. By in-
cluding more information on the actual amount of slip, the
resulting reduced constraint can be set closer to its desired
value. This can be achieved by making the value of K de-
pendent on the amount of slip. Another way to reduce con-
servatism on the constraints is to improve the capabilities
of the ropod’s higher level motion control system. After
a wheel has recovered from excessive slip, a higher level
controller can decide to raise the corresponding constraint
again with a certain value. Taking this action comes at the
risk of the wheel entering a state of excessive slip again.
The observed detrimental effect the proposed method has on
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driving performance in cases where the wheels have differ-
ent slip characteristics can be counteracted by incorporat-
ing knowledge about these characteristics in the constraint
update algorithm. For instance, if the ratio between the nor-
mal forces acting on the wheels is known, the corresponding
constraints can all be updated according to this ratio when-
ever one of the wheels exhibits excessive slip. Finally, it
should be noted the proposed method operates under the as-
sumption that any detected excessive slip is the result of the
torque applied to the wheel in the previous control iteration.
This assumption might not always hold under normal oper-
ating conditions and could have a negative impact driving
performance. To account for this, the control inputs con-
sidered in the update constraint algorithm can be low-pass
filtered to represent the torque applied to each wheel over a
longer period of time.

Appendix A
Derivation of wheel dynamics

This appendix details the derivation of the dynamic model
of a single wheel as used in Section II. When not experienc-
ing excessive slip, it is assumed the behaviour of the wheel
can be simplified to that of ideal rolling. Furthermore, the
wheel’s stiffness is assumed to be large enough to neglect
deformations of the wheel. The dynamic model of a single
wheel is shown in Figure [A-T] Note that the gravitational
and normal force acting on the wheel, opposite and equal in
size, are omitted from the diagram for clarity purposes. In
Table[A-1] an overview is given of the variables used in the
dynamic model of the wheel. All modelled dynamic proper-
ties of the wheel include, where applicable, the relevant dy-
namic properties of unmodelled components. For instance,
the inertia and viscous friction experienced by the wheel ef-
fectively include that of the motor and driving axle.

£

Fig. A-1: Dynamic model of an actuated wheel under ideal
rolling conditions. For clarity, the gravitational and normal
force acting on the wheel are omitted.
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Table A-1: List of variables used in the dynamic model of
the wheel.

Var. Description Unit

J wheel inertia [kg] [m]?

b viscous friction coefficient [N][m][s]
T applied torque [N][m]

@ rotational acceleration [rad]/[s]?
0] rotational velocity [rad]/[s]

r wheel radius [m]

F tractive force [N]

m total mass [kg]

The dynamic equation of the wheel is given by

JO=T—-bod—Fr. (A-1)
Rewriting in terms of vehicle velocity, i.e. ® = % and @ = %
gives
J b
—-y=1——-y—rk. (A-2)
r r
Substituting j = % and rewriting for 7 results in
_ E(rPm+J)+ mby (A3)
mr

Excessive wheel slip is assumed to occur when the applied
torque exceeds a certain value 7,,,, Where the traction force
reaches the value F; .y

E,nlax(rzm + J) + mby
mr '

Tmax = (A-4)
As shown in Section II, F; 4y = C1Fy for some unknown
but constant value of C; depending on the local floor con-
ditions. The physical properties of the wheel are effectively
unknown, as the system dynamics change per task the ropod
executes. However, they are assumed constant for the du-
ration of each task and can therefore be substituted for the
unknown constants C; = r*m + J, C3 = mb and Cy = mr.
Substituting for F; ;4x, C2,C3 and Cy results in

CiFyCy +C3y
Cy '

The size of Fy is understood to be dependent on the type of
motion the ropod performs. For instance, during accelera-
tion, the ropod is expected to tilt slightly backwards, result-
ing in a larger Fy on the rear wheels compared to the front
wheels (relative to the direction of motion). However, it is
assumed changes in Fy occurring during the execution of
a slip-inducing manoeuvre can be neglected. This way, for
the duration of said manoeuvre, Fy is considered constant,
albeit unknown. This allows for the substitution of the un-
known constants P; = C‘%’ZCZ and P, = % in the dynamic
model:

(A-5)

Tmax =

Tmax = Py +P2)'7- (A‘6)
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Note that the parameter P> represents the viscous friction
b experienced by the wheel. As a final simplification, it is
assumed the effect of viscous friction can be neglected com-
pared to the other dynamic properties of the model. The
possible negative consequence of this assumption is the in-
troduction of conservatism in the model, as the resulting
value of 7, will be lower than necessary. Finally, neglect-
ing viscous friction reduces the model to a single unknown
parameter:

Tinax = P. (A-T)

Thus, for each manoeuvre the ropod performs, excessive slip
is avoided by choosing the parameter P appropriately and
ensuring T does not exceed Tyyqy-

Appendix B
Explanation of experimental results

This appendix expands on how the experimental results
shown in Section IV are obtained from the measurements of
the individual wheels. The first experiments shown in Sec-
tion IV are performed to determine a suitable value for the
number of iterations between update steps 7,,. Figure [A-2]
and[A-3]show examples of measurement data obtained from
a front wheel and rear wheel of the ropod, respectively. The
total torque applied on the wheel is the sum of the outputs
of the platform-level controller and the pivot velocity con-
troller, as explained in Section III. The slip detector outputs
a binary value on the state of the wheel regarding excessive
slip. Initially, the platform-level input stays well below the
maximum value of T, = Ty,;. When slip is detected, the
constraint is reduced with a fixed value of 2.4 Nm, and the
platform-level input lowered accordingly.

, Front wheel, single reduction step

— === TOrque constraint
max
251 | — Slip detector output s

q === Total torque 7

E 2 Platform torque .

> w

)

515

e

Ea

=

; _\
L T _

0 10 20 30 40 50 60 70 80
Time [ms]
Fig. A-2: Sample measurement data from a front wheel of
the ropod during straight-line acceleration. The constraint

Tmax 18 reduced from the saturation limit Ty, = 2.8 Nm to
0.4 Nm when excessive wheel slip is detected.



5 Rear wheel, single reduction step

=== TOrque constraint
max
2571 — Slip detector output s
=== Total torque 7
E 2 Platform torque T,
= w
[0)
g15
=]
o 1
e
> J/\
0.5 e
w
0

0 10 20 30 40 50 60 70 80
Time [ms]

Fig. A-3: Sample measurement data from a rear wheel of
the ropod during straight-line acceleration. Excessive slip is
detected only after the platform-level torque 7, is increased.

As shown, it takes a certain amount of time for each wheel
to recover from excessive slip after its corresponding con-
straint is reduced. The relevant information to extract from
these measurements is the number of control iterations it
takes for slip to disappear after the constraint has been re-
duced. By averaging this amount over all wheels that ex-
hibit excessive slip during the experiment, the results shown
in Section IV are obtained. The difference between the
platform-level input and the total torque applied to the wheel
is due to the input from the pivot velocity controller. As can
be seen, this input can reach significant values in the same
order of magnitude as the platform-level input. As the input
from this controller is essential for the ropod to perform the
intended straight-line motion and is therefore not tampered
with.

In Figure [A-4] and [A-3] examples of wheel measurement
data for the full implementation of the proposed method is
shown. Again, the figures show data from both a front wheel
and a rear wheel of the ropod. The shown measurements
are obtained using parameter values of 7, = 8 and K = 0.3.
When slip is detected, 7,,,,, is updated to a value of 7,, — K7,,,.
The controller’s overall performance is expressed in terms of
the scaling applied to the desired total control effort and the
total time spent excessively slipping. The latter is obtained
by simply adding together the number of control iterations
excessive slip is detected at each wheel. The total scaling is
evaluated at the end of the ropod’s acceleration manoeuvre
and is not depicted in the given figures.

As can be seen in both sets of figures, the front wheels con-
sistently exhibit excessive slip ahead of the rear wheels. This
is thought to be caused by a difference in the normal force
acting on the wheels, brought about by the wheels’ positions
relative to the direction of motion of the ropod. As can be
observed, excessive slip is detected at the rear wheels only
after the applied torque to these wheels is increased as an

Slip Avoidance for Wheeled Mobile Robots using Actuation Constraints

Front wheel, K =0.3

=== TOrque constraint
max

25 r’\ — Slip detector output s
===Total torque 7

2 Platform torque 7

15

0 10 20 30 40 50 60 70 80
Time [ms]

Wheel torque [Nm]

Fig. A-4: Sample measurement data from a front wheel of
the ropod using the full implementation of the proposed slip
avoidance method. Note the relatively large influence of the
pivot controller on the total torque 7 applied to the wheel.

Rear wheel, K =0.3

3
=== TOrque constraint
max
257} — Slip detector output s
===Total torque 7
% > _[__,//74 Platform torque 7.
)
% 1.5 — -
e
EE
=
=
0.5
0

0O 10 20 30 40 50 60 70 80
Time [ms]

Fig. A-5: Sample measurement data from a rear wheel of
the ropod using the full implementation of the proposed slip
avoidance method. Excessive slip is detected only after the
platform-level torque 7,, is increased.

indirect result of the excessive slip at the front wheels. It is
possible the rear wheels would not have started excessively
slipping if they had kept their initial applied torque. The
negative implications of this phenomenon regarding driving
performance warrants further investigation in the merits of
the proposed method. Additionally, the input from the pivot
velocity controller is again shown to be able to reach a sig-
nificant value with respect to the total applied torque. This
might lead to an increase in conservatism on the resulting
constraint.
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