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Abstract. In the paper implementation of the factitious force concept for a controlling complex mobile manipulator has been presented. As
the nonholonomic constraint only lack of longitudinal slippage of wheels has been chosen — in skid-steering platforms lateral slippage is
necessary to change orientation of such a platform. From a control theory point of view such a system is dynamically underactuated. As a
solution to a underactuation problem a method of factitious force has been proposed. This method assumes extension on the dynamics level,
in the form of an additional control inputs u., which values are equal to zero equivalently. For a mobile manipulator, consisting of platform
REX and 5R robotic onboard arm, a cascaded control law has been proposed. A simulation study was conducted for a mathematical model
of a considered object with real values of physical parameters, i.e. lengths, masses, inertia moments etc. obtained from the 3D model. Results
obtained in simulations have shown a proper action of the control system and convergence of tracking errors, occurring in a platform and

in joints of a manipulator, to zero.
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1. Introduction

A mobile manipulator, which is the subject of considerations,
consists of a mobile platform and an onboard rigid manipulat-
ing arm. Such a robotic object can execute more complicated
tasks than its components. A manipulating arm is fully con-
trolled while a mobile platform equipped with more than one
axis of fixed wheels is a dynamically underactuated system.

Wheeled mobile platforms can be treated as independent
robots or as a transportation part of the complex robotic as-
semble, for instance mobile manipulators [1]. Depending on
the wheels’ type and a way in which they are fixed to the
chassis, motion of wheeled mobile platforms can be realized
with or without slipping effect. If no slippage effect between
wheels and surface occurs, then there exists an equation de-
scribing forbidden directions for realized velocities of the sys-
tem. Such an equation is called a nonholonomic constraint in
platform’s motion.

A special kind of wheeled mobile platforms are platforms
with tracks. They can be modeled as a chassis equipped with
more than one axis of fixed wheels. These platforms are called
skid-steering mobile platforms, due to skidding effect obse-
rved in theirs behavior. An example of such a platform is the
platform REX developed under the grant RobREXx, see Fig. 1.

Designing control algorithms for skid-steering platforms
is a challenging task. First attempts to solve this problem con-
sisted of adding some artificial assumption about lateral slip
during the platform’s motion. Such an assumption can be con-
sidered as an artificial nonholonomic constraint [2] reducing a
number of admissible control inputs in an object. The similar
approach can be found e.g. in [3] or [4].
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Fig. 1. Differentially driven skid-steering mobile platform REX

Another approach to the control problem for skid-steering
platform has been presented in [5]. Authors have shown that
the skid-steering platform is an underactuated system on a
dynamic level with non-stationary kinematics (non-stationary
velocity constraint). They have used the tunable dynamic os-
cillator to get globally uniformly bounded stability of the pro-
posed control algorithm. The same idea can be found in [6]
and [7].

First announcements about a new concept in control of the
skid-steering platform can be found in [8]. The main idea of
proposed method was to add a control input, so-called “facti-
tious force”, to make input matrix B* square invertible matrix.
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Because this additional control input does not exist in reality,
it was assumed that it is equal to zero.

The main advantage of factitious force is the fact, that it
makes possible to predict slipping effect and include them in-
to a model of the moving platform. It is similar to the idea
of “slipping variables” [9] which have really improved quali-
ty of realized trajectories of a platform moving with wheels’
slippage.

In this paper a new approach to the control problem of
mobile manipulator’s with the skid-steering platform has been
presented. As it has been mentioned earlier, a mobile manip-
ulator with such a platform can be considered as the dynami-
cally underactuated system. Till now every control algorithm
presented in literature tried to avoid a problem of missing
control inputs, e.g. assuming additional constraints, because
the underactuated mobile platform has got rectangular input
matrix (which is non-invertible). A problem with inverting
such a matrix (standing before control signals) can be solved
with the idea of factitious force. This is the essential novelty
in control of skid-steering mobile vehicles.

The paper is organized in a following way. Section 2 illus-
trates theoretical design of the mathematical model of the non-
holonomic mobile platform REX. In Sec. 3 a concept of the
factitious force approach to the control nonholonomic mobile
manipulators is presented. A model of the whole mobile ma-
nipulator including a nonholonomic platform and holonomic
5R manipulator is presented in Sec. 4. In Sec. 5 the control
problem is formulated. In Sec. 6 the main result, i.e. new
control algorithm including kinematic and dynamic control
law, is designed. Section 7 contains the simulation results.
Section 8 presents some conclusions.

2. Mathematical model of platform REX

Object description. In the paper the skid-steering mobile
platform REX, presented in Fig. 1, is considered. Each pair
of wheels on the same side is coupled by the transmission
belt or the track, thus the angular velocities of wheels on the
same side are the same. Additionally, it means that the re-
sulting torque acting on one side of a platform is a sum of
torques generated from both motors.

The distances from the front and back axis of robot wheels
to the center of the mass are denoted as b and a respectively.
The half of the platform width is signed as c.

The state vector of a platform can be denoted as follows

gn=(z y 0 ¢ ¢ )" €R, (1)

where x, y are cartesian coordinates of the platform’s mass
center, 6 is orientation of the platform and ¢; and ¢- are the
rotational angles of wheels at left and right side, respectively.

Dynamics of mobile platform can be derived from the
Lagrange formula

LP(va Qm) = Epp — Epp.

The platform moves on an equipotential plane and therefore,
its potential energy is equal to zero (&, = 0), hence, the
Lagrange formula is composed only of kinetic energy of a
platform and its wheels
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where m,,, m;, are mass of a platform and a wheel respec-
tively. In turn, I, is inertia moment of a platform and 7., and
I, are inertia moments of wheel (expressed relative to local
7 and X axis). The distance between platform‘s center of
mass and the point of contact of i-th wheel with the ground
is marked as d;. The symbol M, denotes inertia matrix for
platform REX

me 0 0 0 0
0O m¢ 0O 0 O

My=|0 0 I, 0 0 |, 3)
0 0 0 Iy O
0 0 0 0 Iy

with elements defined below

4

o [, =1L +4L.+my ) d? — total inertia moment of plat-

i=1
form with wheels,

e m; = m, + 4my, — total mass of a platform,

e I,. = —myr? — inertia moment of wheel relative to rota-

. 2
tion axis.

Kinematics. In the skid-steering platforms the lateral slip-
page is needed to change the orientation. Thus, only the con-
straints for lack of longitudinal slippage can be introduced to
the system equations.

Nonholonomic constraints coming from lack of longi-
tudinal slippage can be expressed in the following Pfaffian
form [3]

T
cosf sinf —c —r O y
AlGm ) m = 0 |=o0, 4
(4m ) cosf) sinf ¢ 0 -—r ¢ @
1
2

where r is a radius of platform wheel.

2.1. Model in generalized coordinates. Dynamics of a mo-
bile platform can be derived from the d‘Alembert princi-
ple [10] and have the following form

M (gm)im + F(qm, dm) = B(@m)um + AT (gn)A,  (5)

where M (g¢,,) = M), is constant inertia matrix of platform
given by (3), B(¢y,) is input matrix describing which state
variables are directly actuated by motors, u,, is a vector of
control inputs, AT(qm))\ describes forces of nonholonom-
ic constraints and A is a vector of Lagrange multipliers. In
turn, F(Gm, Gm) is vector of non-conservative forces, respon-
sible for friction and reaction forces of a ground, described
as below

Bull. Pol. Ac.: Tech. 64(1) 2016
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F,cos — Fysind
F,sinf + F, cos0
F(qm,qm) = M, ) (6)
0
0

where [2]

Fui, Fy; = psgn{d;},

o
I
=

s
Il
—

Fy - Fyiv Fyz = fsgn{yi}v (7)

-

I
—

2

M, = a(Fy1 + Fy2) — b(Fy3 + Fy4)
+C(F:c1 +F;c3 _F;c2 _Fa;4)-

F,; is i-th wheel static force, which turn agrees with direction
of a wheel, and F; is static friction force, perpendicular to
the vehicle motion. Coefficients ;o and f are the static friction
coefficients along, respectively, ¢-th wheel local X; and Y;
axis. M, is resultant moment, responsible for platform orien-
tation. A detailed description of reaction forces can be found
in [2] or [3].

As it was mentioned earlier, the skid-steering platform is
provided with side torques generated by the sum of all mo-
tors torques at a given side. Hence, the input matrix has the
following form

(®)

T
0 0 0 01
0 0010

B(Qm) = [

Control theory of noholonomic objects stands, that if the state
vector has n elements and there is [ nonholonomic constraints
introduced to the system, the set of control inputs must be
equal to m =n — [ [11].

2.2. Model in auxiliary velocities. Since due to (4) the plat-
form velocity ¢, is in a null space of matrix A(g,), it is
always possible [12] to find a vector of special auxiliary ve-
locities n € R™, such that

Gm = G(gm)n, ©)
where G is an n x m full rank matrix satisfying the relation-

Ship A(Qm)G(Qm) =0.

Dynamics. After substituting the Eq. (9) into the dynamics
(5) we get

M*ﬁ+C*U+F*:B*um (10)
with elements defined in the following way
M*=G"M,G, C*=G"M,G,
(11
F*=GTF, B* =GTB.

Equation (10) describes the dynamics of nonholonomic mo-
bile platform expressed in the auxiliary coordinates.

Bull. Pol. Ac.: Tech. 64(1) 2016

Kinematics. For the platform REX size n of the state vec-
tor ¢, is equal to 5 from (1) and number of nonholonomic
constraints for lack of longitudinal slippage equals to [ = 2.
It strictly means, that matrix G(¢,,) should have three inde-
pendent columns spanning kernel of A(g,,) matrix.

As it can be concluded from (9), real velocity of the plat-
form ¢,, can be expressed as linear combination of auxiliary
velocities 7). It is very desirable if signals 7); have physical
meaning, therefore control inputs 77; and 7, are usually chosen
as angular velocities of left and right wheels in differentially
driven platform with one axis of fixed wheels. From this point
of view two columns in G(g,) i.e. G and G are determined
and only third column should be selected in appropriate way

[ cos® cosO | a; ]
sinf sinf | as
1 1
z =
Gam)=| ¢ f -6 @G|
0 - aq
r
2
- 0 as
L J

(12)
Third column of matrix G(g¢y,) is selected properly only if
following conditions are fulfilled:

e First condition: column G3 has to be linearly independent
from GG; and G2, hence

rank G(¢n) = 3. (13)

e Second condition: column G5 has to belong to kernel of
A(gy,) matrix, i.e. A(¢m)Gs = 0. It means that following
equations can be fulfilled

(14)
5)

Subtracting sides of Eqgs. (14) and (15) the following con-
dition can be obtained

aycost + assinf — agc — aqr = 0,

aycosf + as sin @ + azc — asr = 0.

2
a5 — a4 = —Aas.
c

(16)
Input matrix. The most interesting part of dynamics (10) is
the input matrix B*(g,,). For matrix G selected as in (12)
such matrix has a form

O 3N

B*(qm) = A7)

I O

as a4

This matrix is rectangular and, consequently, non-invertible.
It means that dynamics defined by (10) are underactuated on
dynamic level.

3. Concept of factitious force

The mobile platform REX should be considered as an under-
actuated system because it has got a rectangular input matrix
(which is non-invertible). There are two ways to solve the
problem of inverting B* matrix (standing before control sig-
nals):
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e avoid a problem of missing control inputs assuming ad-
ditional artificial constraints. Then a model in auxiliary
velocities has the same size of reduced state variables as
the number of control inputs,

e avoid a problem of missing control inputs assuming the
additional factitious input. Then a model in auxiliary
velocities has the same number of state variables and
control inputs.

The first approach has been explored intensively in recent
years. First attempt to solve the problem of underactuation in
skid-steering mobile platforms can be found in [2], in which
some additional assumption about lateral slipping has been
done. Such an equation, although derived from the slipping
effect, can be treated as a special nonholonomic constraint.

Another concept in control of the skid-steering platform
can be found in [8]. The main idea of the proposed method
was to add a control input to make B* square invertible ma-
trix. Next, because this additional control does not exist in
practice, it was assumed that it is equal to zero, i.e.

(18)

Such an approach can be used in other underactuated systems
with greater deficit of control inputs.

Uzm = 0.

3.1. Extension of input matrix B*. Due to idea of factitious
force, it is necessary to add one control input to the system
(5). As a result of such an exertion, some extension of input
matrix B(¢,,) defined in (8) has to be made

0 0]b

Be(Qm) = [B(Qm)lBB] = (19)

o O O
o = O O
=l
w

The form of an input matrix (19) shows that it is possible
to apply factitious force to any state variable of the platform
REX.

From (11) we can calculate that input matrix for a model
with factitious force can be expressed as

(20)

as as hs

where elements h; are denoted as below

b: 2
h1 = by cosO + bysinf + =3 + —bs,
c r

by 2
ho = b1 cos O + bysind — = + Zby,
C T

hs = a1b1 + asba + asbs + asby + asbs.

Third condition. Matrix B can be made invertible if only if

Y gm det Bl #0,
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ie.
2
qu (;h3 - h1a5 — h2a4) 75 0. (21)

3.2. Model in auxiliary velocities with additional input.
Model of platform REX expressed in auxiliary velocities (10)
with factitious force and column (5 selected as in (12), can
be presented as

M*n+ C*n+ F* = Biuy,

with elements defined as follows

mi; miy Mg
M*= 1| mi, mij; mi; |,
mis Ma3 Mig
0 0 Cf
cr = 0 0 (3 |,
C5 O O3
—F, — %
Fr=| —F,+2 |,
—F,

and input matrix B} given by (20).
Symbols occurring in model have meaning:

myq :mt+c_2+47’

I
*x p
m12—mt—§

)

asl,
mis = mi(ag cosl + agsinf) + i S —a5lyy,
c r

. as 2
mss = my(ag cosl + agsinf) — Tp + ;a4Im,

mis = my(al + a3) + Ipa3 + Lo (a3 + a2).

Elements of the Coriolis matrix, i.e. 3, C33, C31, U35, C33
cannot be obtained explicitly because parameters a; can de-
pend on control variables g,,. Therefore, they should be cal-
culated only as Christoffel’s symbols.

4. Model of platform REX with SR arm

The object considered in this paper is built with the holonom-
ic rigid manipulator and nonholonomic differentially driven
mobile platform REX. Mathematical model of nonholonomic
system consists of two groups of equations: kinematics and
dynamics. In this case kinematics denote nonholonomic con-
straints present in a mobile platform and dynamics have to
be obtained for whole system including a platform and an
onboard robotic arm.
The state vector of a mobile manipulator has a form
7= qm g )T

=(z y 0 ¢ ¢ @1 @ g @ g ) €R,

Bull. Pol. Ac.: Tech. 64(1) 2016
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where ¢, are state variables associated with a platform and
¢, are manipulator’s state variables.

In Fig. 1 differentially driven wheeled mobile platform
REX was presented. A chassis has been modeled as homoge-
neous box with mass m,, and moment of inertia I, equipped
with four wheels with masses mj; and moments of inertia
Loz Ipa.

In turn, SR manipulator presented in Fig. 2 was modeled
as a set of three links, each treated as homogeneous stick of
length [; and mass m;, i = 1,2, 3. The last link with parame-
ters [4 and my4, which is in fact gripper holding camera, was
modeled as cuboid with [, w and h parameters.

Fig. 2. Robotic arm — 5R onboard manipulator

4.1. Dynamics of mobile manipulator. Special kind of
wheeled mobile platforms are platforms with tracks. They can
be modeled as a chassis with more than one axis equipped
with fixed wheels, see Fig. 3. These platforms are called skid-
steering mobile platforms, due to skidding effect observed in
theirs behavior.

A
Z

Fig. 3. Scheme of mobile manipulator with skid-steering platform
REX

Bull. Pol. Ac.: Tech. 64(1) 2016

During the modeling process it has been assumed that
a platform moves on an equipotential surface, therefore its
potential energy equals to zero. It implies potential energy
of a mobile manipulator depending only on the position of
manipulating SR arm. In turn, kinetic energy of a mobile ma-
nipulator is a sum of kinetic energy of a platform and of an
onboard manipulator

L= Lp + Ly = Ekp + Egm — Epm- (22)

Dynamics in generalized coordinates obtained from (22) have
a block form

My Mo Gm " M, 0 Gm " r
Mo Moo Gr 0 0 Gr 0
Cn Ci2 dm n 0\ [ Beum
Ca1 Co Gr D Uy

23

The detailed form of above matrix elements has been omit-
ted in the text for sake of briefness.

If we extend dynamics (5) expressed in auxiliary veloc-
ities for nonholonomic skid-steering platform to the system
composed on a platform and a manipulating arm (23), then
we obtain the following equations

v M) T v pr+Er =B "), 4
qr qr Uy

where
M* = GT(MII + Mp)G GTM12
¢ My G Moo ’
o — GT(C11G + (M1 + Mp)G) GTChs
¢ Mo G+ Co G Coy |’

(1)
(7))

G'B. 0| | Bf 0
o 1| | o I}

B =

c

Equations (9) and (24) constitute a complete model of a non-
holonomic mobile manipulator with the skid-steering plat-
form, expressed in auxiliary coordinates. This model is a point
of departure to design a control algorithm based on factitious
force approach.

It is worth to mention that a mobile manipulator with a
wheeled platform has a special property, which is not valid
for its both subsystems, [13].

Property 1. For a mobile manipulator with a wheeled non-
holonomic mobile platform a skew-symmetry between inertia
matrix M and the matrix of Coriolis and centripetal forces
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C? does not hold anymore. To regain the skew-symmetry, a
special nontrivial correction matrix C'c has to be added

d
T MZ = (CZ 4 Cre) + (G2 + Ci)™
Any matrix, for which the relation (25) holds, can play a role
of the correction matrix. The following expression describing

a form of C'x matrix, e.g.

(25)

1
Cx = C = 5 (M - € = (€)'}

should be calculated before starting the regulation process.

5. Control problem statement

In this paper a mobile manipulator with the skid-steering mo-
bile platform is considered. Such a robotic object should move
along the desired trajectory without longitudinal slippage of
its wheels. The desired trajectory is defined separately for
each subsystem, i.e. a platform should move along the trajec-
tory ¢mq(t) and the rigid onboard manipulator have to track
a vector of the desired trajectory of joint positions g,q(t),
defined relatively to the local frame of the platform.
Our goal is to address the following control problem:

1. Determine the control law wu such that mobile manipulator
with the skid-steering platform with known dynamics fol-
lows the desired trajectory even if terrain parameters are
unknown or some measurement disturbances occur.

2. During motion nonholonomic constraints have to be ful-
filled — a platform should move without longitudinal slip-
page of its wheels.

3. All factitious forces have to be equal to zero, because they
do not exist in reality.

In order to design a trajectory of the tracking controller for
the considered object, it is necessary to consider a complete
mathematical model of the nonholonomic system (9)—(24) ex-
pressed in auxiliary variables as a cascade composed of two
groups of equations: kinematics (nonholonomic constraints)
and dynamics, see Fig. 4:

KINEMATIC

DYNAMICS

2" STAGE

CONTROLLER

Nes Ne

y
DYNAMIC
CONTROLLER

A

KINEMATICS

1% STAGE

Fig. 4. Structure of the control algorithm (backstepping): cascade
with two stages

For this reason the structure of the controller is divided into
two parts working simultaneously (backstepping control ap-
proach, see [14]):

e kinematic controller 7, — represents a vector of embed-
ded control inputs, which ensure realization of the task for
the kinematics (nonholonomic constraints) if the dynam-
ics were not present. Such a controller generates ’velocity
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profile’ which has to be executed in practice to realize the
trajectory tracking for nonholonomic subsystem. Kinematic
controller plays a role of ‘motion planner’.

e dynamic controller — as a consequence of cascaded struc-
ture of the system model, the system’s velocities cannot be
commanded directly, as it has been assumed in the design-
ing of kinematic control signals, and instead they must be
realized as the output of the dynamics driven by w. Dy-
namics are calculated for the whole system, not for each
subsystem separately.

6. Main result — control law
for mobile manipulator

As we have mentioned in the previous section, the control
algorithm consists of two parts: kinematic controller and dy-
namic controller. Both control algorithms, working simulta-
neously, are necessary to solve the control problem of a non-
holonomic mobile manipulator.

6.1. Kinematic control algorithm. By designing the kine-
matic controller it is worth to notice, that matrix G in (12)
without an additional input, i.e. only with G; and G5 columns,
has the same form as the relevant matrix for unicycle. For
this reason we have used the kinematic control law appro-
priate for a driving platform with only one fixed wheels axis.
Such a control law is characterized by considerable robustness
even noise and measurement errors occur during the regula-
tion process [15]. In other words, we treat a signal coming
from ‘motion planner’ as some approximation of skid-steering
mobile platform motion.

Hence, the Samson controller developed for the unicycle
can be used

1
Vd = Md + N2d, wq = P (M2d — Ma)-
Te Tqg— T
Ve = Rot(z,—0)| ya—y |,
0. 04— 6
ki1xe + vg cos O,
D,
< ' ) = Sing ) kl;k2 > 0;
Wr wq + k20 + vaye =
0
Uy — CWy Up + CWy.
Mr = T’ T2r = T’

where 114, 724 and x4, yq, 64 are desired velocities and posi-
tion coordinates for an unicycle robot tracking the given tra-
jectory; in turn, 71, and 70, are reference velocities signals,
developed in a kinematic controller and used in the dynamic
controller.

6.2. Dynamic control algorithm. Let’s choose the dynamic
control algorithm based on modification of the passivity-based
sliding mode control law [16] given by Slotine & Li for ro-
botic manipulators. If we assume that dynamics of the mobile

Bull. Pol. Ac.: Tech. 64(1) 2016
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manipulator are known then we can propose the following
control law

Uﬂrn _ (B:)_l M;k "7!‘ + C;k -777.
Uy Qref dref
+D:+F;_CK<en>_Kd<en>},
S S

where K4 = diag {kq} is a positive definite diagonal matrix
and C' is the correction matrix necessary to get the skew-
symmetry property (25).

Relevant elements can be defined as follows

m — Mr
€n = N2 — N2r )
N3 — N3r

Sz(hf(jref :éq+Aeqv (27)

A=AT >0,

€q = qr — Qrd-
The closed-loop system (24) with feedback control (26) is
given by

M (é_”> +(Ck + Ck) <e”> +Kd<e”> =0. (28)
S S S

6.3. Proof of convergence. For the system (28) we propose
the following Lyapunov-like function

Viey,s) = % (e'n s)M: ( 2’7 ) >0, (29

which is non-negative definite. We compute time derivative
of V' along solutions of the closed-loop system (28)

V:%(en s) <Z”> + (g s ) M2 <es,7>
CDLIG!

From La Salle & Yoshizawa theorem, see [14] for de-
tails, it could be concluded that the errors e, and s converge
asymptotically to zero. Using definition of s given by (27)
and positive definiteness of parameter A we get that position
tracking error e, for manipulator joints goes asymptotically
to zero.

On the other hand, the convergence of e, to zero means
that the the velocity profile generated by a kinematic controller
is successfully followed, and therefore one can conclude that
the nonholonomic system i.e. skid-steering platform tracks the
desired trajectory ¢,4. It ends the proof.

7. Simulation study

For simulations we have applied the factitious force method
with following parameters: third column of G matrix and third
column of B matrix are equal to

Bull. Pol. Ac.: Tech. 64(1) 2016

al —sinf b1 sin 6
as cosf bo —cosf
as = 0 b3 = 0

aq 0 by 0

as 0 bs 0

Such choice of parameters means that conditions (13), (16)
and (22) are fulfilled.

7.1. Calculation of artificial signal 7s,.. The vector of aux-
iliary velocities consists of two groups of states: physical and
factitious. Velocities 71,- and 72, have physical meaning of the
desired angular velocities of wheels on the left and right side
of platform moving on the desired trajectory. In turn, third ve-
locity n3, is an auxiliary signal which can be calculated from
the assumption that factitious force equals to zero. A form of
such a signal strictly depends on the selected dynamic control
algorithm.

The dynamic control law given by (26) implies the fol-
lowing form of factitious force

Usm = M1 + M2 o2 + M303,
+ M:14dl7'ef + Mc*15d2'ref + M:lﬁq.37'ef

+ M 7Garer + Migdsres + Corrmir
(30)
+ Cionor + CliyGires + Clislorey

+ Crigsres + Corrdarer + CrigGsres
+ Fj — Ka(ns —n3r) = 0.

From (30) )3, can be derived as an implicit function (C},5 =
0) and, in order to get ns,, it must be integrated — obtaining
analytic form of the third reference signal is not possible. 73,
computed in this way fulfils the third subtask of a control
problem.

7.2. Parameters. The simulations were run with MATLAB
package and SIMULINK toolbox. As an object of simulations
we have taken of the skid-steering mobile platform equipped
with two axes of fixed wheels and 5R rigid manipulator.
The parameters of the platform were: mass of the platform
mp, mass of the wheel my, platform moment of inertia I,
relative Z,, axis, wheel moment of inertia relative Z, axis

1., = §mkr2 = 21, half of platform width c, distances a
and b from mass center to front and back axis of wheels.

Table 1
Simulation parameters

myp = 42 kg my = 2.38 kg I, =5 kg-m?
I..=015kg-m? r=0.127m m1 = 3 kg

mo = 2 kg m3 = 1 kg mg = 1kg
l1=1m lo=1m I3=104=05m
1=03m w=0.3m h=0.5m

a = 0.365 m b=0.365 m c=0.387 m
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In this section we want to show a behavior of the skid-
steering mobile platform tracking different trajectories — ad-
missible and inadmissible (obtained as bonding of different
admissible trajectories). Simulations should show if the pro-
posed control strategy works properly for mobile SR manip-
ulator with a skid-steering platform.

Desired joint trajectories have to track trajectories defined

below
t
q1d = 3sin <§> rad

q2q = 0.5 rad

rd = g3a = 0.1 rad 3D
q4q = 0.1 rad
qsq = 0.3 rad

Regulation parameters have been chosen as follows: for dy-
namic controller k; = 300 and A = 1, for kinematic controller
k;1:1andk;2:1.

7.3. Admissible trajectory. The desired admissible trajecto-
ry has been chosen as a circle with radius R¢.q; = 10 m and

d
frequency wq = 0.1 1% From the control point of view such
S

a trajectory is most exacting because a mobile platform has
persistent lateral slippage during motion.

A real trajectory realized by the platform can be observed
in Fig. 5. Tracking errors of manipulator joints have been
presented in Fig. 6.

7.4. Inadmissible trajectory. The desired inadmissible tra-
jectory has been chosen as a square trajectory. From the con-
trol point of view such a trajectory is interesting because some
problems with bonding points occur.

A real trajectory realized by the platform can be observed
in Fig. 7. Tracking errors of manipulator joints have been
presented in Fig. 8.

o
T
I

y [m]

= desired trajectory
= = =real trajectory

5 \ s . \ \
10 5 0 5 10 15
x[m]

Fig. 5. Admissible trajectory realized by skid-steering platform
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Fig. 7. Inadmissible trajectory realized by skid-steering platform
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Fig. 8. Errors obtained by trajectory tracking: a) joint errors eq1, €42
of manipulator, b) joint errors eq3, eqs and eys of manipulator

It can be observed that after 10, 20, 30 and 40 s the de-
sired trajectory changes from one side of the square to the
next one. It means that for these time moments trajectory has
to change a signal coming from kinematic control from one
solution (obtained for one side of the square) to the anoth-
er (obtained for the next side). In other words, in these time
moments some impulse in tracking errors should occur.

8. Conclusions

In the paper the idea of control mobile manipulator with a
skid-steering mobile platform has been presented. It has been
shown that a nonholonomic system with velocity constraints
has a cascaded structure, which requires two simultaneously
working controllers: kinematic controller (‘motion planner’)
and dynamic controller. The most crucial fact is too small
number of dynamic control inputs relatively to a number of
state variables — it means that the system is underactuated
on a dynamic level. In this article an attempt to solve such a
problem with so-called “factitious force” has been made. The

Bull. Pol. Ac.: Tech. 64(1) 2016

concept of factitious force assumes that dynamics have addi-
tional control inputs u,,, which do not exist in reality and are
equal to zero. However, such an assumption makes possible
to invert the input matrix, standing before control inputs in
dynamic equations.

The factitious force method and the proposed control algo-
rithms have been examined in simulations for a mathematical
model of a mobile manipulator with SR degrees of freedom
and the skid-steering mobile platform REX, built under the
grant RobREx. By theoretical considerations and simulation
study it was confirmed that the control method introduced in
the paper works properly. The examined control algorithm is
implemented in the real REX platform.

In future works the factitious force concept will be extend-
ed to control other dynamically underactuated nonholonomic
systems and to the control skid-steering wheeled mobile plat-
form with other nonholonomic constraints coming e.g. from
lack of lateral or longitudinal slippage only selected axes or
wheels.
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