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ABSTRACT

This paper describes the incorporation of active force control (AFC) scheme into two
different resolved motion acceleration control (RMAC) models, ie. RMAC with
proportional-plus-derivative (RMAC-PD) and RMAC with proportional-plus-integral-
plus-derivative (RMAC-PID). The two newly formulated control models are subsequently
implemented as the proposed motion controllers for the nonholonomic wheeled mobile
robot (WMR). By embedding AFC into both the RMAC schemes, the performance of the
robotic system was studied in which the WMR was required to track a collision-free
trajectory in a structured layout that has been prescribed by a trajectory planner. The
effectiveness of both the controllers were then experimented and compared to determine
the accuracy and trackability of the WMR. The WMR was also subjected to disturbances
Jor the testing of the system robustness. With appropriately computed inertia matrix and
finely tuned RMAC control parameters, the WMR was found to be very robust and
effective in trajectory tracking task in spite of the complexity of the operating and loading
conditions.

Keywords: Active force control, motion planning, nonholonomic WMR, resolved motion
acceleration control.

1.0 INTRODUCTION

Rigorous developments in computing technology in the last few decades have
brought about drastic improvements and changes in industrial or manufacturing
automation sector as can be notably seen in the application of the computer
integrated manufacturing (CIM) system and its smaller competitor, the flexible
manufacturing system (FMS). As expected, these systems continually demand for
more capability and versatility of their key components including the automated
material handling equipments. Therefore, these automated transporters or mobile
fobots with added mobility and maneuverability have been introduced into the
manufacturing system to provide greater flexibility and dexterity in materials
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handling operations. The limitation of the workspace for the static robotic
manipulator has not been able to meet all these requirements. On the other hand,
the expansion of the mobile robot’s workspace has in fact increased the risk of having the
robot to collide with the obstacles or other ‘disturbances’ along its navigation
path. It has been proven that robots were absolutely unsafe and prone to collide
among themselves or with the environmental obstacles [1]. Therefore, it is
essential that the mobile robotic system should be adequately controlled to ensure
that the it tracks accurately the predetermined generated trajectory which is
normally designed to be safe and cost-effective.

Over the last few decades, considerable efforts have been devoted for the
synthesis and analysis of the WMR control strategies, particularly in performing
trajectory tracking tasks. Kanayama et al. has achieved local asymptotic tracking
of the WMR by using a continuous feedback control law for a linearized
kinematic WMR model [2]. As inspired by Kanayama et al., Fierro and Lewis
extended the control scheme by using the backstepping control approach [3] in
which the control strategy aims to provide a solution to the usual WMR motion
control problems, i.e. the path following and point stabilization problems. Samson
has provided a global asymptotic control solution for the setpoint regulation of a
general class of nonholonomic systems to further enhance the performance of the
WMR [4]. Besides, Farzad and Karlsson have also derived an adaptive control
scheme for WMR which guarantees the asymptotic convergence of the trajectory
tracking errors to zero [5]. These control strategies though effective, they lack the
capability to reject disturbances. In other words, they are not sufficiently robust
and effective in encountering the external loading conditions exerted upon the
dynamic systems. In reality, the workspace for the WMR is not always ideal as it
is usually subject to all forms of disturbances such as fixed or moving obstacles,
frictions, uncertainties and changes in the operating parameters (internal and
external). It is almost impossible to completely model such disturbances into the
dynamics of the WMR since the disturbance functions are indiscriminate and
often highly nonlinear. Therefore, in order to ensure robust and accurate operation
of the WMR, it is proposed that an AFC strategy be incorporated into the robotic
system as the robust disturbance cancellation scheme. In the past, AFC has been
effectively applied to a number of dynamic systems involving rigid robotic
manipulators [6-8], direct drive motors [9] and mechanical system [10]. In all of
these works, AFC has shown significant credibility towards improving and
achieving the systems robustness upon satisfying the main criterion, i.e. the
estimated parameters (mass or inertia) are appropriately computed.

Section 2 of this paper describes the architecture of the proposed WMR control
scheme followed by a description of the kinematic and dynamic modelling of the
nonholonomic WMR. The design of the WMR motion controller comprising the
RMAC and AFC is reviewed in Section 3. Section 4 depicts the simulation setup,
results and brief discussion. Finally, Section 5 provides the concluding remarks.
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2.0 ARCHITECTURE OF WMR CONTROL SYSTEM

In this paper, the WMR is assumed to be located on a two dimensional plane in
which a global Cartesian coordinate system is defined at the reference point, O.
The heading direction, ¢(?) is taken as positive in counter-clockwise from x-axis

as shown in Figure 1 which shows a configuration of the differentially driven
WMR.
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»y

Figure 1. Configuration of a WMR

Two coordinate axes are applied in this study, i.e. the global x-y axis and local
v-n axis. Compared to the local v-» axis, the global x-y axis describes the states, ¢
of WMR better in the workspace. However, it is easier to control the WMR in
local v-n axis. The following equation is used to transform the states of the WMR
from the global x-y axis to local v-n axis:

cosg sing O )
[qlocal] =|-sing cosg 0 [qglobal] (H
0 0 1

The proposed WMR control scheme as shown in Figure 2, generally consists of
two stages: high-level control and low-level control. High-level control which is
commonly known as motion planning helps to break down the high-level control
tasks into the low-level motion execution commands. It is usually comprised of
two components, i.e. path planning and trajectory planning. At higher-level,
motion planning is required to generate a collision-free nonholonomic trajectory
with reference to the operation time optimality and workspace layout [11].
However, at low-level control, the motion controller is required to implement the
pre-planned trajectories or motion commands as have been generated in motion
planning phase. A precise and robust motion controller should be designed in
such a way that it is able to follow or track exactly the pre-planned trajectory
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despites of the complexity of the trajectory plus the presence of disturbances in
the workspace. In this study, it is proposed that the basic WMR motion controller
is assisted by the AFC method to enhance the robustness of the system.

Basically, the motion of the WMR is restrained by nonholonomic constraints.
This is to ensure that the WMR satisfies the conditions of pure rolling and non-
slipping while traversing. Details of the kinematic and dynamic modelling of
nonholonomic WMR have been extensively reviewed in [12,13]. The general
formulation of the WMR dynamic model is shown as follows:

M(q)i + V(g.4) = Elg)r - A" (a)2 @

where M(g) is a symmetric, positive definite inertia matrix, V(q,q) is the

centripetal and Coriolis matrix, E(g) is the input transformation matrix, 7 is the
input torque vector, A(g) is the matrix associated with the nonholonomic
constraints, and A is the constraint force vector.
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Figure 2. Architecture of the WMR control system

3.0 MOTION CONTROLLER DESIGN

Motion control study deals with the development of the controller which ensures
the stabilization of WMR to an equilibrium point or to a reference trajectory. The
most crucial problem in the stabilization of WMR centres around the fact that the
WMR does not meet Brockett’s necessary smooth feedback stabilization
condition where the system cannot be stabilized by continuous feedback which is
dependent on the states of the system [14]. Due to these nonholonomic
constraints, the number of controllable degree-of-freedom (DOF) of the WMR has
been reduced to two while the total DOF of WMR is three.
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As has been pointed out in [15], the larger the gap between the controllable
and total DOF of WMR, the harder it is to control the robot. Since it is difficult to
stabilize the WMR to a point with smooth static-state feedback control laws,
instead of stabilizing the WMR to a point, the robot is required to converge to a
reference trajectory only in this study [16]. Figure 3 illustrates the block diagram
of the proposed motion control scheme.

3.1 Resolved Motion Acceleration Control (RMAC)

In resolved motion control, the motions of various motors are combined and
resolved into separately controllable motions along the world coordinate axes.
This implies that all the motors of the robot must run simultaneously at different
time-varying rates to achieve desired coordinated motions [17]. Through this
control scheme, the users need only to specify the desired direction and speed
along the world coordinate axes and this greatly facilitate the interaction between
users and the WMR. Usually, users are more adapted to Cartesian coordinate
system compared to the motor rotation angle coordinates. RMAC was first
proposed by Luh et al. [18] for the motion control of static manipulator. It is
actually an extension of the concept of resolved motion rate control by just adding
in the extra acceleration control command. Generally, all the feedback control are
accomplished at a pre-specified point, P. on the WMR (which is at the centre of
gravity of WMR).

In this study, two types of RMAC scheme have been studied, i.e. RMAC-PD
and RMAC-PID. Assuming that K,, K; and K; (being the proportional, derivative
and integral control gains respectively) are positive definite gains, the acceleration
commands by the RMAC-PD scheme can thus be expressed as follows:

X'c :"X:d +de(“‘;‘d _xa)+pr(xd *xa)
j}c :j}d +Kd_v(j)d .—ya)—*—pr(yd _ya)
¢.c :&d +Kd¢<¢5d —¢a)+Kp¢ 5i”(¢d _¢a)
3)

The acceleration commands generated by the RMAC-PID scheme are given
by:

jéc :).C‘d +de (xd _xa)+(pr + Ki\‘ )(Xd _xa)
S

K.
V. =¥, +Kdy(}')d —ya)—}—[Kp), + S-‘ j(yd —ya)

¢c :¢d +Kd¢<¢d "¢a )+(Kp¢ +Tl¢j5i”(¢d _¢a)
’ @)
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Figure 3. Block diagram of the proposed WMR motion controller

One of the major concerns in applying RMAC into the WMR motion controller is
that the total DOF of WMR is three while controllable DOF is only two.
Therefore, the DOF for the control signals generated by RMAC, which are
initially three, have to be stepped down to two. In order to achieve this, the
acceleration control signals by RMAC are first transformed from global x-y axis
into local v-n axis using Equation (1). With reference to the stable tracking
controller as proposed by Kanayama et al. [2], a converter can be modelled as
follows:

v — Xlocal (5)
0 ylocalé + ¢loca1

Due to the nonholonomic constraints, motion along local n-axis is in fact
uncontrollable. Therefore, the corrective acceleration signal, J, should be

multiplied to & i.e. the virtual radius to obtain an additional corrective rotational
acceleration signal. This additional corrective rotational acceleration signal is
required to steer the WMR towards the pre-planned states and thus ensures the
convergence of the trajectory tracking errors.

3.2 Active Force Control (AFC)

The incorporation of AFC into the motion control scheme of WMR provides a
dynamic decoupled control feature that is complemented with a convenient
coordinate system. System controlled by AFC remains stable, robust and effective
although the system is subjected to adverse operating and loading conditions [6].
In addition, AFC also ensures that the motion controller is highly tolerant and
accommodating even to inaccurate modelling of the system and its workspace.
The essential equation describing the estimated disturbances, 74 in the AFC loop
(for a rotating system) is expressed by [6]:
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T, =7-INJ ©6)

where 6 is the motor angular acceleration signal, IN is the estimated inertia
matrix and 7 is the applied control torque. Note that Equation (6) could have
practical implication due to the fact that the algorithm is very simple (thus much
less computational burden) and easily implemented in real-time. Both the
acceleration signal and control torque could be physically measured by means of
suitable transducers, i.e. accelerometer and torque sensor respectively.
Alternatively, a current sensor can be used in place of the torque sensor to
indirectly measure the torque according to the following relationship:

t=K1I, @)

where /, is the motor current and K| the motor torque constant.

In this study, a perfect modelling was assumed for the measurements while a
crude approximation method was used for the estimation of IN. It has been
ascertained that the estimation of IN is a requisite to the AFC scheme. From a
number of trial runs, it has been shown that the AFC scheme works effectively if

the chosen IN lies within a finite bound of the modelled inertia matrix, M such
that [19]:

04M <IN<12M (8)

Assuming that A(g) is the set of nonholonomic constraints of the WMR, and
there exists S(g) such that S(¢)A(g¢) = 0, M can thus be obtained from (1) as
follows:

[sTmslp+[sTv + sTMS6]=sTE:

O T L ©)
M(q)@ + V(q, q) = E(q)t
where @ and 6, are the angular velocities of right and left motor respectively. Let

o be the ratio of IN with respect to M and follows strictly the bound defined in
(8). Assuming that the off-diagonal terms of M are relatively small and can be
safely neglected, IN can thus be estimated as follows:

IN 0 M 0
1 A (10)
0 1IN, 0 M,

(O3]
(S
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4.0 SIMULATION

The simulation was performed using the computation platform provided by
MATLAB and Simulink. During the simulation, the performance for both
RMAC-PD and RMAC-PID control schemes was tested under the same operating
conditions and workspace. It was assumed that the workspace for the WMR was
known and the tracking trajectory predefined by a motion planner. Besides, the
WMR was also subjected to a number of disturbances to test the robustness of the
proposed motion control systems. The parameters and conditions that have been
acquired after a number of trial runs prior to the simulation study are listed as
follows:

WMR Parameters:
r=0.15m, b=0.75m,d = 0.1 m, Mepasis = 30.0 kg, £=1

Parameters of RMAC-PD:

Ky =170, Kpy =70, Kpy=T70
K= 15, Kay=15, Kag=15

Parameters of RMAC-PID:

Ko =70, Kpy =70, Kpy=T70
K= 15, Kgy=15, Kgs=15

Kix = 25, K;y . 25. K;¢: 25
Parameters of AFC:

S
2z

_1, gt =
__17 ﬂ" 1
Kfn

(Note: It is assumed that IN and K, were perfectly modelled)

Disturbance Models:

t <35sec [O ;O]Nm
Step disturbance, 7, =
t > 35sec [S;S]Nm
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3sin(0.41)+3 } %

Harmonic disturbance, 7}, = [3 . (0 iy ) 4
sint0.4¢ + 7 )+

Figure 4 illustrates the pre-planned trajectory by the motion planner. From the
figure, it can be observed that the motion planner has successfully generated a
near optimum and short collision-free trajectory. The generated trajectory has
actually fulfilled the nonholonomic constraints of the WMR.

Figure 4. Pre-planned trajectory by motion planner

Figures 5 to 7 illustrate the trajectory tracking errors of the WMR. From the
simulation results, it is observed that the state errors either of the RMAC-PD
controller or the RMAC-PID controller experiences drastic changes whenever the
WMR is required to turn or change its heading direction. This type of WMR
behaviour can actually be deduced intuitively by observing the error trend in
Figure 7. It can be seen that the WMR orientation errors abruptly produce ‘spikes’
whenever the WMR is expected to turn. This indicates that the pre-planned
trajectory is crisp and smoother planning of trajectory is required.

From the simulation, the RMAC-PID controller is found to outperform the
RMAC-PD counterpart. By adding the integral term, the output states of the
WMR is able to converge gradually to the prescribed trajectory and thus achieve
better trajectory tracking capability as well as maneuverability. RMAC-PID
controller is also capable of y-axis motion errors compensation in spite of the
nonholonomic constraints. However, if the WMR is controlled by RMAC-PD
(without the I term), the steady state errors remain uncompensated during the
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operation. On the other hand, it is also noted that the integral action will cause
overshooting to the response as shown in Figure 5. To counter this, it is envisaged
that the K; parameters should be carefully tuned.

A : \\__, ...... S |
' overshoot

i 1 i i i i

i
o 10 2 30 40 50 60 70 80 90 100

Simulation Time (sec)

Figure 5. Tracking errors in x-axis
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Figure 6. Tracking errors in y-axis
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Simulation Time (sec)

Figure 7. Orientation errors

With reference to Table 1, it is obvious that the motion controller which
consists of RMAC and AFC is capable of performing disturbance cancellation
task. The incorporation of AFC has significantly improved the robustness of the
WMR system although it is operated in a non-ideal environment, where the
existence of disturbances is unavoidable. With properly estimated IN, AFC
displays superiority in the suppression of the state errors which are caused by the
internal and external disturbances. With AFC, both of the RMAC-PID and
RMAC-PD controllers are robust in nature. However, it is RMAC that plays a
vital role in the improvement of the overall system’s performance and trajectory
trackability. It has been shown from the simulation results that the percentage of
deviation of state errors for the RMAC-PID controller are very low, i.e. less than
5% compared to those of the RMAC-PD controller which are relatively higher.
Although the percentage of deviation for RMAC-PD can be further improved by
increasing the value of K, and Kj, it is expected that the response might suffer
deterioration of the system stability and subject to limit cycles.

Table 1: Percentage deviation of state errors

Percentage of Deviation (%)
Types of Controller

Xg Ve P
RMAC-PD 6.89 5.64 427
RMAC-PID 1.64 1.74 3.40

(%)
~
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5.0 CONCLUSIONS

The implementation of AFC into both RMAC-PD and RMAC-PID schemes has
been shown to provide excellent all round performance. The RMAC-PID scheme
is found to outperform the RMAC-PD counterpart since the percentage of
deviation of the state errors of RMAC-PID are much lesser than its competitor. By
adding the integral action into RMAC, the output states of the WMR is able to
converge gradually to the prescribed trajectory and achieve better trajectory
tracking capability even in the presence of the nonholonomic constraints of the
WMR and introduced disturbances. However, integral action also causes
overshooting in the WMR system response. In this study, the values of @ and 3
are set to 1 indicating that IN and K, are perfectly modelled. With these ideally
estimated AFC parameters, AFC has shown superiority in disturbance
compensation and thus significantly improved the robustness of the robotic
system. In future, it is recommended that the stability of the WMR motion control
system should be further tested through more rigorous study. Besides, the RMAC
control gains should also be properly tuned so that the performance of the system
can be further enhanced.
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