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Abstract—Mobile manipulators derive significant novel
capabilities for enhanced interactions with the wold by merging
mobility with manipulation. However, a careful resdution of the
redundancy and active control of the reconfigurabity, created by
the surplus articulated degrees-of-freedom and acation, is the
key to unlocking this potential. Nonholonomic whe&d mobile
manipulators (NH-WMM), formed by mounting manipulat or
arms on disc-wheeled mobile bases, are a small bimportant
subclass of mobile manipulators. The primary contrbchallenges
arise due to the dynamic-level coupling of the nordlonomy of the
wheeled mobile bases with the inherent kinematic ahactuation
redundancy within the articulated-chain. The soluton approach
in this paper builds upon a dynamically-consistenand decoupled
partitioning of the articulated system dynamics beteen the
external (task) space and internal (null) space. T independent
controllers, developed within each decoupled spacdacilitate
active internal reconfiguration in addition to resdving
redundancy at the dynamic level. Specifically, twovariants of
null-space controllers are implemented to improve @turbance-
rejection and active reconfiguration during performance of end-
effector tasks by a primary end-effector impedancenode
controller. These algorithms are evaluated within a
implementation framework that emphasizes both virtwal
prototyping (VP) and hardware-in-the-loop (HIL) testing with
representative case studies.

Index Terms— Nonholonomic wheeled mobile manipulator,
dynamic redundancy resolution, virtual prototyping, hardware-
in-the-loop

I. INTRODUCTION

(number and actuation of the articulations). Nuraero
applications [1-8], ranging from gantry-mounted fipaitators
on the shop floor to highway maintenance robotsotaotic
earth-moving excavators, have capitalized the ed@dn
workspace (conventional/dexterous), reconfigurbhili
improved disturbance rejection capabilities andusthess to
failure. The challenges, however, arise from thaifeatation
(and need for resolution) of the redundancy — lkatlematic
redundancy due to the surplus of articulated degree
freedom (DOF) than required for the task; as welhetuation
redundancy due to the surplus of actuation overctmtrolled
outputs. The challenges come to the forefront aafheduring
dynamic interactions of these mobile manipulatoith whe
environment (e.g. during a painting task) makindyaamic-
level redundancy resolution critical.

(b)
1. A nonholonomic wheeled mobile manipulaNH-WMM): (a) a
CAD model, and (b) the corresponding physical pyqe.

@)

Fig.

Our focus is on a subclass of such mobile maniptdat
called Nonholonomic Wheeled Mobile Manipulators (NH-
WMM) as shown in Fig. 1. The NH-WMM consists of a

HE mobile manipulation paradigm capitalizes on theatov wheeled mobile robot (WMR) base with one or moreainted

benefits and capabilities created by the additidn
mobility to the archetypical fixed base manipulatbtany
variants are possible, based on the nature of thiglenbase
(gantry system, another manipulator or some wheaed
tracked platform) and the nature of the mounted ipudator
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Gnanipulator arms. While robust physical construttinakes
wheeled bases popular, the kinematics of rollingtact of the
various wheel assembly combinations with the tercaeates
nonholonomic constraints [9]. The coupling of these
nonholonomic constraints with the kinematic/actmati
redundancy in a dynamic setting creates interestimgtrol
challenges. Our guiding vision is to create andluata an
overall control framework for such NH-WMM to readiza
prioritized satisfaction of its own end-effectortaractions.
Subsequently, the inherent internal reconfigurgbitian be
exploited to help accommodate, detect and correct
disturbances and maintain a preferred internal igordtion
when not in conflict with this primary task. Ultinedy, such
NH-WMM can either autonomously perform or semi-
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autonomously assist a human operator during dynanmo€ disturbance observer in a NH-WMM, whereas outhoe

interactions with the world has many applications.

has the potential to regulate the end-effectoref¢ed ].

In a redundant manipulator, the determination oé th The approach adopted in our work is to consider the

actuator rates/forces for a given end-effector amstfforces is
typically an under-constrained problem but esskentfia
motion planning/control. Many schemes have beempgsed
with an underlying theme of optimizing some measafe
performance based on the differential kinematid8].[For
instance, the augmented Jacobian approaches aredext for

alternate partitioning of the dynamics into a taskl-effector
motion space and an internal/null-motion space.tiKhg?2]
proposed a method of controlling redundant sefiait
systems by projecting the system dynamics intadkk-space
to realize an end-effector dynamic model togethéh va
dynamically-consistent actuation that provides deded

kinematic redundancy resolution in the case of teobicontrol of joint motions in the null space. Sucpatitioning,
manipulators by [1, 4]. De Luca et al. [6] recerdlygmented defined in terms of a metric endowed by the kinetiergy of
such Jacobian using thieteraction matrix from a camera to a simple mechanical system, can formally be shoevrbe
achieve image-based visual servoing. However, asgéad orthogonal and decoupled [23]. This was subsequentl
Kumar [11] note, if the augmented Jacobian is rut t extended for mobile manipulator systems whblonomic

Jacobian of a kinematic functionf(g), the resulting

trajectories may not be globally integrable. Altgively, the

decoupled Jacobian approaches, exemplified by Yarttam

and Yun [2] decompose the motions of the mobileimdator
into decoupled WMR and manipulator subsystems. VWWWR

is then controlled so as to bring the manipulatoa preferred
configuration (using criteria such as the manipilitgb
measure) as the end-effector performs a varietyn&hown
manipulation tasks. The decoupling approach lertdslfi
better to decentralized planning and control ofrtiabile base
and the manipulator arm. Fruchaet al. [5] attempted to
provide a unified kinematic control framework usitige
transverse function such that it is independent tioé

configuration of the mobile base in a WMM systentl. the

above cases focus on kinematic-level redundanayiutisn

that implicitly assumes the availability of goode-@ontrolled
actuators.

However, our focus in this paper is on dynamic-rethncy
resolution within the articulated chain. In exaglstuated
systems, only as many components of the motion®foas
degrees of actuation can be controlled. However,
redundantly actuated systems, it is meaningfulxolait the
surplus actuator inputs to achieve secondary goaksldition
to primary task performance. Traditionally, sucttas®lary
criteria have included either the contact- or in&bforce
distribution as seen in multilegged walkers [12{ltifingered

hands [13], multi-arm systems [14, 15] and parallel

manipulators [16]. Fully actuated mobile maniputathave
been examined to study of the effect of the dynameraction
between the manipulators and the mobile platfornthentask
performance [17]. It is noteworthy that the locatiof the
manipulator arm relative to the mobile base hassidanable
effect on the performance of a mobile manipulatwi aeeds
to be carefully considered [3]. Lew and Moon [18¢gents a
micro/macro manipulation approach to decouple tisgseems
into fast/slow subsystems to improve the end-effeatotion
of a compliant base mobile manipulator in the $abjlane
alone. Tanet al. [19] controlled a holonomic mobile
manipulator to manipulate a passive nonholonomit aang
straight lines, corners or sinusoidal trajectoriesue et. al.
[20] considers external force disturbance rejectiothe form

bases [7] and fully actuated manipulators [24]. deer, to
the best of our knowledge, this has never beemdgttto and
evaluated within experimental NH-WMMs. Realizingnto|

of end-effector motion/force outputs in task-sphgehe NH-
WMMs is a critical precursor to our longer-term bad

decentralized payload manipulation operations {8, 2

The contribution of this paper comes from the systiic
experimental validation of realization of dynamiwdesffector
interaction control of a NH-WMM with both nonholomy
and redundancy. This is achieved by creating a rdicaly-
consistent partitioning of motions/forces into degled
external (task) space and internal (null) spacepmorants. By
an explicit prioritization, a primary end-effectéask-space
impedance-mode controller is developed to allow-a\WWMM
module to control its end-effector/environment dyia
interactions. The surplus of actuation is usedntplément a
secondary null-space controller to control internal
reconfigurations that do not conflict with the parg tasks.
Emphasis is placed on the development of two vemiahnull-
space controllers (based on the kinematic and dignarodels
of WMR), and their performance in terms of inputgiee
lf)ﬂlrofiles on the physical prototype system.

The rest of this paper is organized as follows:tiSacll
briefly reviews the mathematical model of the NH-WM
Section Ill develops the decoupled yet dynamicedipsistent
redundancy resolution method. Section IV develdys tivo
ariants of the null-space controllers. The virtpabtotyping
nd hardware-in-the-loop experimentation framewoik
presented in Section V. In Section VI, the framédwisrused
for evaluation of the controller proposed. Sectidfil
concludes the paper with a brief discussion.

IIl. MODELING OFWHEELED MOBILE MANIPULATOR

We first present the dynamic modeling of the NH-WNis
shown in Fig. 2, focusing primarily on the notatimnbe used
in this paper. We broadly follow the development tbé
dynamics of the WMR base in [25], which is furtlstended
to the NH-WMM case in [21].

A. Dynamics of the WMR

The WMR subsystem is actuated by two independently
driven wheels of radiir located at an equal distanée on
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either side of the midline. The wheel axes arermedr and are

located at a perpendicular distanéefrom the center of mass

(CM). The other related physical properties anchpeaters are
listed in Table I. The instantaneous WMR configiaratcan

be fully described by the extended set of genexdliz

coordinates¢” = |z, y, ¢ 0 0,

Cartesian coordinates of the CM, is the orientation of the

, where (z,,y,) is the

WMR, and 6, and ¢, are the angular positions of the right

and left wheels, respectively. The system is subgeto three
nonholonomic constraints of:

Apgy =0

1)
By taking the independent joint velocities” = [éR éL] , the

corresponding null-space matrix that annihilates dbnstraint
matrix can be determined as:

s = Spvp (2)
This is valid for the case when the wheels arestipping or
skidding, as in [26]. We define a look-ahead poift with

Cartesian coordinates:

2y = (2,,,) = (2. + L,C,,y, + L,S, ) (3)

@

in (1). Hence, the constraint matrix can be extdrtde
Ag=0 andA = [AB om}

(6)

where S, =sing, C, =cos¢, L, is the distance from the

CM to P,. The corresponding Jacobian that rela

independent joint velocities to velocity of the keahead point
can be determined as:

- [0C, — LS, bC, +L,S,

2 |bS, + L,C, bS, —L,C,
where L, =d + L,. The WMR is actuated by the torque
provided from the right £,) and left wheels f£,),

&y = Jyv, andJ, =

T

Ty = [TR TL]. With the help of the null-space matrix (2

the projected reduced dynamics of the WMR can be expresse

Fig. 2. Nonholonomic wheeled mobile manipulatdH{WMM)
nomenclature
TABLE |
PHYSICAL PARAMETERS OF THE WHEELED MOBILE MANIPULAT®
Parameters Variables | Values Units
Mass of the wheel My, 0.159 kg
Mass of mobile base m, 17.25 kg
Mass of Arm 1 my 2.56 kg
Mass of Arm 2 m, 1.07 kg
Moment of inertia (MI) of the wheels
. I R
about its center of mass (CM) 0.0002 | kg-rf
MI of mobile base about its CM I, 0.297 | kg-m
MI of Arm 1 about its CM I, 0.148 | kg-m
MI of Arm 2 about its CM I, 0.0228 | kg-rA
Half distance between the two wheels b 0.182 m
SRadii of the wheels r 0.0508 m
Distance from the center of the wheel axje d 0.116 m
to the CM of the mobile base )
Distance from CM of the mobile base to I
"the point P, o 0.100 m
dLength of Arm 1 L 0.514 m
Length of Arm 2 L, 0.362 m

as [25]:

Hy (23)23 +£5(23723):E3 (QB)IB (5)
where H, is the configuration dependent inertial matriy,
includes all the Coriolis/centrifugal/damping terd,, is the

actuation transformation matrix that maps the joamgues to
the corresponding independent joint coordinateg détailed
expressions can be found in [25].

B. Dynamics of the NH-WMM

The NH-WMM is constructed by attaching a two-revelu
joint linkage to the WMR at the poirR, . The configuration of
the Arm 1 and Arm 2 are parameterized by the alpsghint
angles off, and d,, actuated by-, and 7, , respectively, and
operates solely in the horizontal plane. The rést®relevant
physical parameters are listed in Table I. The &dt of
extended generalized coordinates in this caseuding the
manipulator configuration variables, ar
" =

1 [QBT 213;] = [I(: y(: d) HR 6L 01 02 and 21’5 [01 92} :
The NH-WMM possesses the same set of constraistyided

Taking the independent velocitiegs” = [g;; 2]5] we can

similarly determine the null-space matr$x that annihilate the
constraint matrix in (6) as:
S

O‘ZXZ

We consider the task-space to be the Cartesiardicabes of
the end-effector z =(z,,y,). The Jacobian relating
independent joint velocities to task-velocity canvritten as:
-LS, -L,S,

ve, Ls,| ©

05x2

1

2x2

¢=>Sv and§ = @)

z=Jv, J:[JB JM}andJM =

where S, =sinf,, C, = cosf,, [ =1,2. Finally, assume that
the constrained dynamics of the NH-WMM is written a

Ho(q)i+ ¢ (2,4) = Byzy + BF — AT, AG =0 (9)
The projected reduced dynamics of the NH-WMM can be then
obtained by projection usin§” as:

e
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H(q)y-+ C(q,y) - T(q)+TE(q) (10) acceleration required to perform the task, and lése two
o ~ terms represent the consistent joint-space actiglerdue to
where I =5 H,S IS the inertia MatriX, the internal motion. In the resolvetbrce system, the

c=258"T (H S+ec ) is the Coriolis/centrifugal/damping relationship between the task forc€sand the joint forces

i can be similarly written as:
terms,r = S"E,,7,, is the input torque, and, = S" E,F is y

T T
the external forces/torque, all described in thasitde motion I=JE+N'T, (13)
space. The derivation of the above matrices iigbtifarward, Wwhere N' =1 —J"J*" projects the arbitrary (internal) joint
and we refer the reader to [21] for the detailac8iour system torques 7, to the null-space of/" to provide consistent
operates in the horizontal plane, there is no gatenal manipulator motion. However, the pseudo-inverse might
contribution to the dynamics. not be “consistent” with the dynamic of the mangiat.
Hence, we define a weighted pseudo-inverseJofby the
inverse of the manipulator inertia matiik™' as:
STRATEGY

T _q#  _ pg-1qT —1 77\ !
The focus of this paper is the experimental vaidabf a J=Tp =1 (JH 7 ) (14)
dynamic-level control routine for the NH-WMM thallavs and the corresponding null-space as:
for independent dynamic control of both the taskesp N=I-JJ (15)
(external end-effector) and the null-space (intemmanipulator Such aninertia-matrix weighted pseudoinverse has geometric
DOF). To this end, we adapt dynamic redundancylugea significance since it endows the final task spaith @ kinetic-
methods developed for control of serial-chain retdun robots energy metric defined on the tangent space of actssl

Ill. DECOUPLEDTASK- AND NULL-SPACEDYNAMIC CONTROL

[22, 24] for use with the NH-WMM [21]. manipulator [23]. As noted in [24], the use of such
Pa (Lookahead point) dynamically consistent pseudoinverse simplifiespghecess of
Look-ahead point (null-space) trajectory decoupling the task- and null-space dynamics. Pltgtying
O both sides of (10) by = J"J" + N”, substituting (12) and
\ End-effector (task space) trajectory (13) into (10) yields:
.................... J'JF+N'7="+4+7,+T7, (16)

X = (xg,Ye) (End-effector)

Y, =J"J* [HJ# (&—Jz) +gsz]
Y, =N"(HNZ +c—1,)

Y, =J"J*"HNz + N"HJ* (i — Jz)

Fig. 3. Wheeled mobile manipulator with alterngpecification of desired

end-effector and base trajectories In (16), T, filters the overall dynamics using”J*" to

The primary task is assumed to be one of contlte  gjiow only the task-space dynamics to pass throLigfewise,
motion and/or force interactions of the end-effeatdth the T, uses N” to retain the null-space component of the

attached payload/external environment. Once theagri end- . . . .
effector task has been accomplished, the secoridaky is combined dynamics.Y, includes all the cross-coupling
assumed to be one of controlling the surplus isfeOF dynamic terms and becomes identicalfgro when the
within the system (such as the relative pose ohtbbile robot dynamically consistent pseudo-inverse is employgtus,
base and arms). In this work, we use the extraigarftion taking J* =J and N = N, the final EOM can be expressed
redundancy to our advantage by controlling the Klabead” in the task-space as:
point to follow an alternate desired trajectorydepicted in M(q)2+u(q,z) =F+F, (17)
Fig. 3. N N
In (8), given thati and v are the task-space andwhere M =J'HJ =(JH 'J") is the apparent inertia
independent feasible joint-space velocity vectoespectively. matrix, ;= J"¢ — MJv is the apparent Coriolis/centrifugal/
For a kinematically redundant system, the dimensibw is
greater than the dimensiai. Hence, the general solution for a
v can be written as: F, = J'1, is the apparent external force, all describechén t
v=J% + N (11) task-space. The control input that decouples tsle tand null-

. . space can then be defined as:
where J* and N are the generalized pseudo-inverse and thé) !

null-space of.J , respectively, andVz is the consistent joint- T= JTM(H - Jz) + NTH(Q + ji) +p+JE, (18)
velocity due to the internal motion of- the manigata A \yhere u and v are the new control inputs to the task- and
resolved acceleration scheme can be written as: null-space, respectively. After substituting (18)oi (16) and
v=J%E+J%i+ Ni+ Nz (12)  simplifying, the final equivalent controlled closetbop
where the first two terms in the RHS are the jesiphce dynamics in the independent task- and null-spacag be

damping termsf = J'7 is the apparent input force, and
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written, respectively, as:
u—i=0andv—0+Ji=0 (19)
We note that due to the explicit performance oflinear
feedback linearization, the two subspace dynanvcsespond

to those of equivalent linear systems. Hence fetask-space,
we select an impedance controller [27]:

u= fl +Kyé+ Kpe+ KJ-(Ei —Fy)
where the superscriptd

(20)

velocity errors, respectivelyk,, K,, and K, are positive
definite constant matrices (to maintain stabilitghd F¢ is

the desired end-effector force which creates tlosed-loop
task-space behavior of a second-order spring-dampes

system with a driving force determined by the dsbir

impedance as:

§+Kv€+K1>§:_KF(EZ —Fy) (21)
where ¢ = i’ — i is the acceleration errors. The selection
the control gains can now be done by appropriagsali pole-
placement techniques. In this paper, we consider= 0 and
F, is an “external disturbance force” at the endeattie

indicates the desired quantities;
e=z"—z, é =3"—1& are the end-effector position and

ahead point as:

Vp = JBilz.B (22)
This can be extended to factor in a closed-loopgeSam error
dynamic for the look-ahead point as:

Vp = JB_I [Qg + Kpp (Zg - EB)} (23)

where z; and i, are the desired position and velocity of the

look ahead point, respectively. It is straightfordvéo see that
this error dynamic is stable wheR,, is positive definite.

These desired wheel velocities can be given apabts to a
rate controller for a kinematically controlled motar
backstepped to provide inputs to a torque-contiathetor.

In the second case, we choose the dynamic tracking
algorithm presented in [25] to achieve input-output
linearization and input-output decoupling. In ousse,
choosing the look-ahead point to be the outpuhefdystem is
corresponding to the Type | output. The necessarg a

O?Ufficient condition for input-output linearizatiofor the

proposed choice of outputs is that the decoupliadrimnhas
full rank. Thus, similarly, the only singularity cars when the
look-ahead point coincides with the midpoint of tivaeel
axle. Using the dynamic equation in (5), the nazdin

However, this can be extended to the case withefordeedback 7, = E," [HBT]B+QB], and a change of input

regulation, and a preliminary simulation study hasen
reported in [21]. Finally, it is noted that suchnanlinear
feedback linearization allows one to explicitly cah the
nonlinearities and replace the original dynamicghwan
(exact) linearized dynamical system. Such a modséb
controller design tends to be dependent on acculaiamic
modeling. However, as noted in [28], even in theeslge of a
model, PD control with gravity compensation, isfisignt to
ensure point stabilization (and even permits tragkalbeit
with some lag). Hence, inadequate modeling herdadnallow
a graceful but stable degradation of the perforraahaing the
transition from the completely linearized (computedque)
case to the uncompensated (unmodeled) case.

IV. NuULL SPACECONTROLLERS

Due to the decoupled nature, the selection of spdlee
controllers does not affect the task space perfoceaHere,

n= J, ! (é— jBV), the linearized and decoupled system can
be converted toz, = £, whose controller is designed using

standard linear control techniques.

V. IMPLEMENTATION FRAMEWORK

We examine the design and development of an
implementation framework that emphasizes both &irtu
prototyping (VP) based refinement and hardwardrertoop
(HIL) experimentation, shown in Fig. 4(a).

A. Virtual prototyping based refinement

In the first stage, we employ virtual prototypingR) tools
to rapidly create, evaluate and refine parametodets of the
overall system and test various algorithms in satioh within
a virtual environment. Simplified solid model oktiVMR and
the manipulator of interest are created in Solidk¥prand

we examine the use of kinematic and dynamic trackirexported with the corresponding geometric and ri@ter
algorithms for the look-ahead point on WMR as twaroperties into visualNastran Desktop 4D (VN4D),M@AE

alternatives for the null-space controllers. Ohstawoidance
methods using potential fields/navigation functid2®] or
combined with other trajectory-following methodsO]3are
viable alternatives. However, by affecting the in&d
configuration dynamics, the selection can signiftbaalter the
required control effort as we will discuss furtHater in the
detailed case studies.

In the first case, &inematic controller for the WMR is
derived from the kinematic equations in (4). Asdoas the
look-ahead point does not coincide with the midpahthe

tool that allows physics-based simulation of dyrasyistems.
Fig. 4(a) shows an example of the application o€hsu
framework for simulating the NH-WMM controlled byna
algorithm implemented in Simulink. State informatio
(positions/velocities) and control-input informatio
(torques/forces) are exchanged at every time-stehis co-
simulation approach. However, the utility of suchrtual
testing is limited by: (a) the ability to correctiwodel and
simulate the various phenomena within the virtual
environment; (b) the fidelity of the available siiation tools;

wheel axle ¢, = —d), J, is nonsingular. Hence the wheeland ultimately, (c) the ability of the designer torrectly
velocities v, can be determined from the velocity of the lookmodel the desired system and suitably interpretebelts.
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B. Hardware-in-the-loop experimentation

We employ ahardware-in-the-loop (HIL) methodology for
rapid experimental verification of the real-timentllers on
the electromechanical mobile manipulators protatypé/e
opted to create a physical NH-WMM system [showrFig.
1(b)] from scratch due to the flexibility it offeteover
retrofitting an off-the-shelf WMR base with an dffe-shelf
manipulator arm. The additional dynamic bandwidittamed
by use of high-performance components is espegaittinent
to our anticipated use of the NH-WMMs for activerde-
redistribution during cooperative payload manipolatasks.

Integrated Software Framework

Distributed
Virtual
Prototyping

=] Remote
|| Distributed
e Control

Ethemet/TCPIP N\ EthemetTcrIP

keyboard
monitor
disk drives|

etc...

1 Encoder
Counter

PC104+ Digital

Processor| o

Motor Amplifiers
I Controller 1-6

Wireless
Ethernet
Bridge

Encoders
1-6

Motors
1-6

Wireless

t___
2| Router

Remote
PC

(b)
Fig. 4. (a) The two stage implementation framéwemphasizes virtual
prototyping and hardware-in-the-loop physical tegtiand (b) the flowchart
summarizing signal and power flow interactionstaf electronic hardware.

high-level processing, control and communicationcustom
Atmel-based encoder counter circuit board is coegtd for
the purpose of reading up to six quadrature ensotiat can
store the position of each encoder with a 32-bteger
variable and asynchronously sends this data toPti&04.
Similarly, a custom Atmel-based motor-controllerrcait
board is constructed for the purpose of providing®\&M
reference signal to six current controlled powepkfiers. A
digital 1/0 card (Diamond Systems Garnet MM) serves
provide a buffered bi-directional digital interfabetween the
PC/104 system and the custom circuit boards. Comialenff-
the-shelf current amplifiers (Maxon 4Q-DC brush B3
amplifier) are used to generate drive currents qrtignal to
the reference voltage for the motors. The flow tivarfFig 4
(b) summarizes the signal and power-flows intecadti to
control the system.
The embedded PC/104 controller communicates with a

designated host computer using TCP/IP for prograwntbad

and data logging. The host computer  with
MATLAB/Simulink/Real Time Workshop provides a
convenient GUI environment for system-level sofevar

development using a block-diagrammatic languagee Th
compiled executable is downloaded over the netwamki
executed in real-time on the embedded controlleilewh
accessing locally installed hardware componentpalticular,
the ability to selectively test components/systeahs/arious
levels (e.g. individual motors/encoders, individWaIR bases
or entire NH-WMMs) without wearing out componentsidg
design iterations is proven to be very useful. Nuus
calibration, simulation and experimental studiesried out
with this framework are reported in [31].

VI
The desired trajectories used in the case-studies a

CASE STUDIES

The NH-WMM is constructed using two geared motorepresentative examples of tasks prescribed foNtHaVMM
powered wheels and one passive MECANUM-type casters (see Fig. 3). The primary task is the requirementttie end-

passive MECANUM-type front caster is preferred (owe
conventional wheel casters) to eliminate any cairgs on the
maneuverability. The mounted manipulator arm hasaetive
revolute joints with axes of rotation parallel tacé other and
perpendicular to the mobile platform (and the gdjurThe
first joint can be placed anywhere along the mig-lon top
frame of the platform at a distande = d + L, from center of

the wheel axle (see Fig. 2). The end-effector iag plate
supported by a passive revolute joint that enstines no
moment can be transferred to the manipulator. Bathe two
joints is instrumented with an optical encoder ttaat measure
the joint rotations and has a DC motor attachedependent
lead-acid batteries provide power supplies for dutuator
systems and the electronic-controllers.
assembled two-link mobile manipulator is showniigp Hb).

effector to track a wide variety of task-spaceectgries (time-
indexed straight-lines, sinusoids and circles).o8darily, we
require the look-ahead point on the WMR base ttofola
desired trajectory as closely as possible (whenimatirect
conflict with the primary task). The desired WMRjactories
are not limited to only feasible trajectories — bow include
straight-line, sinusoidal and circular trajectoriége dynamic
redundancy-resolution framework naturally priogsz the
tracking of the end-effector trajectory over theKeahead
point at execution time. In these case studiesexaenine how
the system is able to: (a) dynamically correctifatial errors
in the required trajectory; (b) accommodate theml force
disturbance by an internal configuration changdatipg the

The corapletedundancy; and (c) detect and correct these mitern

configuration changes back to the preferred overall

A PC/104 system equipped with an xPC Target RemkTi configuration. We pay particular attention to thequired

Operating System (RTOS) serves as the embedderblient

torque inputs to the right and left wheels of theM®/ to

A PC104+ embedded computer (VersalLogic EPM-CPU-3ighlight the importance of suitable selection afllispace

133MHz 32-bit processor) is used to perform all eimboard

controllers as well as appropriate actuation seleaturing the
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construction of the electromechanical system.

A. Casel: Smpletrajectory tracking
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Fig. 5. Case | — Simple end-effector trajectoacking: Simulation results
using (a) kinematic and (b) dynamic controllers fbe look-ahead point
tracking. (c) and (d) are the corresponding expenital tracking results. (e)
and (f) are required wheel torque profiles for #irematic and dynamic
controllers, respectively.

In the first case study, we show the capabilityhaf system
to: (a) correct the initial errors, (b) track theesded
trajectories, and (c) prioritize the primary taskle also
highlight the performance between the different taalers
implemented described in the previous section. désired
end-effector  trajectory is a  straight line

z," (t) = (0.1¢ +0.5)m, " (t) = 0.3m and the desired look-
ahead point trajectory z, (t)
2, (t) = (0.1)m, y,"(t)=0.125sin(0.27t)m. Fig. 5(a)
and (b) show the simulation results when the loodaa point
are kinematically and dynamically controlled in thdl-space,
respectively. In both cases, it can be seen tleainitial error
of the end-effector trajectories are corrected lagidg tracked
very closely within a small transient. However, thek-ahead
point is tracked as closely as possible, but withors
relatively larger than the end-effector tracking,hiet
progressively reduced. The controller is able torjiize the
primary task of end-effector tracking, while attémg to
achieve the secondary task of look-ahead pointkitngcas
close as possible. Fig. 5(c) and (d) show the spmeding
successful hardware experimental tracking reshbs teflect
the similar behavior. However, the overall requiregbut

is a sinusoid of

torques to the right and left wheels are smoothegt when
the dynamic controller is employed [see Fig. 5ifign for the
kinematic controller case [see Fig. 5(e)]. Thug lardware
requirements (bandwidth and peak capacity of agtaaand
affiliated electronics) can be significantly diféet based on
selection of the null-space controller (despite ¢chenparable
primary task tracking performance). This is a caili
consideration for selection/design of mechatrosigstem and
is not often adequately discussed in the literatfe also note
that model parameter uncertainties critically affeontrol

performance — detailed sensitivity studies are nteplan [31].

B. Casell: Disturbance detection and rejection

0.8
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0fFig. 6. Case Il — Disturbance detection and tejec Simulation results
using (a) kinematic and (b) dynamic controllers fbe look-ahead point
tracking. (c) and (d) are the corresponding expenital tracking results. (e)
Screenshots showing the introduction of disturbatecehe physical NH-
WMM when moving from left to right. The frame seqae is from left to
right, and from first row to second row.

In the second case study, we examine the capabilitiie
system to: (a) accommodate the disturbance duettrnal
force by internal configuration change, and (b)saduently
correct for the deviations. The desired end-effett@jectory
is 2" (t) = (0.1t + 0.5)m, 3" (t) = 0.3 + 0.25sin (0.27t) m
and the desired look-ahead point trajectory igaigtit line of
z," (t) = (0.1t)m, 3, (t) = Om . We intentionally introduce
an external disturbance force to the end-effectberwthe
system is tracking the desired trajectories. Fig) &nd (b)
depict the simulation results of tracking of thed-affector
position and the look-ahead point using the kin&mand
dynamic controller in the null-space, respectivelyhe
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(impulsive) disturbance force dfF F

)Ty

)=(-0.3,—0.2)N is

introduced at the time = 5.5s at the end-effector. We can

see that the kinematic controller responds aggrelysio bring

the system back to achieve accurate tracking. Hewev

dynamic controller has a more graduated/softer omesp
allowing for some transients before coming back the
accurate tracking. This is also reflected in th@esimental
implementation results seen in Fig 6(c) and (d) foe
kinematic and dynamic null-space controllers, retpely.

While we cannot provide accurate disturbance asthim
simulation case, we introduce the disturbance ¢oststem in
the form of poking using a steel rod at the endaéir [see
screenshots in Fig 6(e)]. We did not co-locate ihigial

configuration of the end-effector with the desimuk, hence
the system first accounts for the initial error.bSequently,
while tracking the system was able to accommoda&
disturbance and detect it through the system cordigpn
change measured by the joint encoders and cooeitt f

C. Caselll: Circular trajectory with competing criteria

In the third case study, we show the capabilityhef system
to: (a) track competing primary/secondary tasksd #h)
prioritize the primary task. The task of trackihg took-ahead
point trajectory sometimes tends to suffer duentmmsistency
with the nonholonomic constraints of the WMR. Thisuld
normally then affect the primary end-effector triagk
performance as well. However, the results of thislys depict
the ability of the controller to prioritize the prary task and
ensure its performance.

The desired end-effector trajectory is the innerclei

z," (t) = 0.3sin(0.17t)m, v (t)= 0.7+ 0.3cos(0.17t)m

and the desired look-ahead trajectory is the outecle
z," (t) = 0.7sin(0.17t)m. y,* (t) = 0.7(1 + cos(0.17t))m .
Both circles are traversed in the clockwise dimttwith
nominal initial position for end-effector §6.0,1.0)m and for

look-ahead point as(0.0,1.4)m. We first present the

simulation results using the kinematic and dynamilt:-space
controllers in Fig. 7(a) and (b), respectively. &ldhat the
initial location of the look-ahead point is offsetdially by
0.15m from the desired circular trajectory (but with vi@ard
motion along the tangential direction). Thus, thséis unable
to (immediately) compensate for the offset due he t
nonholonomic constraint.

Although desired trajectories are conflicting, thgstem
successfully achieves the primary end-effectorkirag task
closely while attempting to realize the secondaagkt as
closely as possible. As seen in Fig. 7(a)-(b), ltuk-ahead
point converges to the desired circular trajectaithin one
full traversal of the circle, even for an exaggedainitial
offset. Similar trends are seen with the hardwamegmental
results in Fig. 7(c) and (d) using kinematic andaityic null-
space controllers respectively, albeit with smaliéfisets to
avoid actuator saturation effects. We again ingast the
input torque profile to the right and left wheaisHig. 7(e) and

(f), where kinematic and dynamic null-space corers| are
implemented, respectively. It is again notewortist the input
torques in the kinematic case are much more “agyesthan
the dynamic case.
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Fig. 7. Case lll — Circular trajectory with contipg criteria: Simulation
results using (a) kinematic and (b) dynamic colgrslfor the look-ahead
point tracking. (c) and (d) are the correspondingpeeimental tracking
results. (e) and (f) are required wheel torque ile®ffor the kinematic and
dynamic controllers, respectively.

time (sec)

VII.

The coupling of the nonholonomic base constrairitls the
inherent redundancy in NH-WMMs creates significant
challenges for control of end-effector (motion/®yc
interactions. Thus, the focus of this paper wagd#éhelopment
of a dynamic-level redundancy-resolution strategy $uch
NH-WMMs. The primary task was assumed to be one of
controlling the motion and/or force interactions tbe end-
effector with respect to the attached payload/asler
environment. The secondary task is assumed to lee obn
controlling the surplus (internal) DOF within the/stem
(relative pose of the mobile base) and sought tadigeved
only upon satisfaction of the primary task. Sucbystematic
approach to resolution of the redundancy whilevatg for
internal reconfiguration is key to many of the et and
envisaged applications for such systems. At thesedutthe
results verified that the capability of the devedpcontrol
framework to resolve redundancy and permit creatbra
decoupled end-effector  impedance-mode  controller.
Furthermore, by virtue of the nonlinear feedbaaokdirization,
any desired task-space behavior (specified in tefrdsamping

DiscussiON ANDCONCLUSION
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ratio, natural frequency, time constant) may besgnibed and
realized for end-effector. The results also dematestthe
ability to exploit the redundancy to simultaneousbflow
various end-effector trajectory primarily and loakead point
trajectory of WMR secondarily (with a natural pit@ation to
end-effector tracking performance). This was stidia
simulation using virtual prototypes and subseqyedmidware
experiments on physical electromechanical prototfeally,
two variants of null-space controllers were deptbged it can
be observed that the kinematic version was moreeagiye
than the dynamic version. In order to better realie systems
in the hardware level, the dynamic version mighfeax@rable.
Future works include using an independent forcesmero

determine the ability to regulate end-effector ém.c
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