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SUMMARY

A wheeled mobile manipulator system is modeled using
Kane's dynamic equations. Kane's equations are con-
structed with minimum effort, are control oriented and
provide both physical insight and fast simulations. The
powerful tools of Kane's approach for incorporating
nonholonomic motion constraints and bringing noncon-
tributing forces into evidence are exploited. Both
nonholonomic constraints associated with dipping and
skidding as well as conditions for avoiding tipping over are
included. The resulting equations, along with the set of
constraint equations provide a safe and compl ete framework
for developing control strategies for mobile manipulator
systems.
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1. INTRODUCTION

A mobile manipulator is a system composed of a manip-
ulator attached to a mobile base. In this way, the
manipulator workspace is drastically increased. Due to the
motion constraints imposed on the mobile platform, such a
system is usualy nonholonomic.® Nonholonomic con-
straints reduce the dimension of the state space without
affecting the system’s configuration space.

Many of the models proposed for mobile manipulator
systems?® do not include nonholonomic constraints. In
reference [2] an underwater vehicle with multiple robotic
manipulators is modeled. Dynamic modeling is achieved by
the use of Kane's dynamic equations.* Angular momentum
preservation laws impose nonholonomic constraints on the
URV which are not included in the model. Khatib et al.?
model cooperating mobile manipulators, the mobile plat-
forms of which move on a planar surface. They obtain the
dynamic equations using the Lagrange formulation in
operational space,® assuming that the mobile platforms can
move in a holonomic way. Other models include non-
holonomic constraints using Lagrange® and Newton-Euler
formulations.® In these models not all kinds of non-
holonomic constraints imposed are considered. Chen and
Zazald® include the nonholonomic constraint associated
with the no skidding condition. In reference [5] the
nonholonomic constraint resulting from the no dlipping
condition is also included. Constraints are merged with the
system equations using Lagrange multipliers.

Recently, Thanjavur and Rajagopala’ modeled an AGV
using Kane equations. They pointed out the merits of using

Kane's approach to model vehicles and utilized some of the
tools to incorporate nonholonomy. They focused on the
dynamics of the vehicle individual components (drive and
castor wheels, drive wheel assemblies, etc.) and included
the no slipping and no skidding constraints.

Modeling is usually treated as a preprocessing stage for
the application of a control strategy. However, careful
modeling can remove unnecessary detail and reveal some
hidden characteristics of the system at hand. Thus, instead
of being a mere system description, an appropriately
constructed dynamic model can greatly facilitate and guide
the control design.

In this paper a dynamic model is developed, following
Kane's approach. Compared to Lagrange formulation,
Kane's methodology involves less arithmetic operations and
is thus simpler and faster in simulation.>* What is more,
Kane's equations can be easily brought into closed form?
which is best suited for control purposes. The modeling
procedure presented in this paper enables one to consider
the mobile manipulator as a single system. With Kane's
methodology it becomes clear that the dynamic interaction
between the vehicle and the manipulator does not influence
performance and thus need not be compensated. On the
other hand the same interaction is brought into evidence
since it is useful for ensuring contact stability with the
ground. Additional dynamic constraints are provided,
involving the ground reaction forces, which eventually yield
a sufficient set of dynamic stability conditions. Dynamic
effects on tippover stability are considered in reference [8].
This paper extends and enriches the early results of
reference [9] by focusing on the contact conditions,
exploiting the nonholonomy features of Kane's approach
and emphasizing on the role of the interaction forces and
torques between the vehicle and the manipulator in
maintaining contact stability with the ground and finaly
investigating computational complexity issues.

The rest of the paper is organized as follows: In Section
2 we introduce the basic terminology used in the paper and
state the assumptions made. In Section 3 we develop the
dynamics of the mechanism and calculate the contributions
of each of its components to the dynamic equations. Section
4 presents in dynamic form the constraints imposed on the
system and in Section 5 issues of physica insight,
computational complexity and comparison to aternative
methodologies are discussed. A numerical example is
presented in Section 6 and several simulation cases are
analyzed. Finally, Section 7 concludes with the main points
made in this paper.
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2. PRELIMINARIES
Consider afixed inertial frame, {/} asin Figure 1. Itsx and y axes lay on the horizontal plane. At the mobile platform mass
center, a frame {v} is attached. Axis z' is parallel to Z'. At this mass center, the central principal inertial frame, {v,,}, is
assigned, which generally differs from {v}. The point where the manipulator is attached on the platform is labeled O and
coincides with the platform point O (the distinction between the two points will be justified in the sequel). On each
manipulator link the central principal inertial frame is identified. Finally, a frame is assigned at a fixed point of the
mani pulator end effector. The superscript on the right side of any quantity will denote the rigid body which it refersto. The
superscript on the left will denote the reference frame with respect to which the quantity is expressed. When omitted, frame
{I} is supposed.

At the center of each wheel j, j=1, ..., w of the vehicle, frame {w;} is attached (Figure 1). Its z* axis remains parallel
to the vehicle z’ axis, but the frame can rotate around this axis. Each frame is related to the fixed frame through a rotation
matrix R. This rotation matrix will be written as, i.e. {Vj R, to indicate transformation of free vectors expressed in frame { w;}
to the inertial frame. A rotation matrix will be expressed as
v 7T—’,

xi
7ij 7Tx/ M ni
i n’/

i i . . . . . . i 01T
s, |, 7y being the direction cosine between x' and x’ and (wijj)q/é -

IR= X Y
'R=| 7,

i
v/ y/

i Vi i
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The coefficient of static friction between a wheel and the ground is assumed the same for all wheels and equal to n. When
exploiting dipping phenomena, one has to consider the friction conditions between a wheel and the ground more
systematically. Tire friction with relation to traction is an issue of ongoing research™ and lies beyond the scope of this

paper.
The manipulator is supposed to have n —4=m rotational joints. Define the generalized coordinates as

A v v 1 m1T
a=[x"y" 0 b q ... q"]
where x, y are the vehicle planar coordinates in the fixed coordinate system {1}, #isits orientation, ¢ is the steering angle
of the vehicle and the rest correspond to the manipulator joints. The number of generalized coordinates is n since the

constraints imposed are completely nonholonomic.
Define the following generalized speeds:

A . A

u;=0 uy=

{n

Fig. 1. Frame assignment on Mobile Manipulator.
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In order to save writing and produce to efficient computer code, we introduce auxiliary functions (Z,X,Y, etc.)"
representing expressions appearing repeatedly. These auxiliary functions are defined in the Appendix.

In the sequdl it is assumed that the motion of the vehicle is restricted to the horizontal plane. It is also assumed that each
link on the manipulator rotates relatively to the previous link in the chain, only in a direction parallel to one of its principal
axes of inertia, named z.

3. RIGID BODY CONTRIBUTIONS

In this section the kinematics and dynamics of each rigid body in the mechanism will be briefly discussed in order to
determine the contribution of each body to the dynamics of the system. The detailed derivations have been omitted to
preserve the more general perspective, however al dynamic contributions can be analytically calculated using the auxiliary
terms given in the appendix.

3.1. ehicle wheels
From Kane's approach it follows that all reaction forces exerted on the wheels make no contribution to dynamics. Once the
nonholonomic motion constraints have been included, due to the motion being planar the ground can be simply ignored.
Each wheel is being modeled as arotating disk. At the center of each wheel j areference frame {w}} is attached. The axes
are parallel to the central principal inertial axes of the wheel: axis x"/ points towards the direction of the wheel linear velocity;
y*i isthe rolling axis and 2" is vertical. A wheel has two degrees of freedom. One allows rotation about y*i axis (Figure 1)
and is controlled by an input torque 7). The second degree of freedom corresponds to the steering angle of each wheel ¢".
Normally, all steering angles are coupled to achieve kinematic compatibility. The value of only one of them and the equations
of the steering mechanism are sufficient to describe them all. Therefore, we can assume that ¢"i= ¢"i(¢), where ¢ is one of
them, named the steering angle.
The velocity in {7} of frame’s {w;} origin can be expressed as

V=X 43y + (2 <€),
where €"i is the position vector from the origin of {v} to the contact point of the wheel with the ground (Figure 1). The no

skidding condition states that there should be no velocity component normal to the wheel plane. Expressing v*i w.r.t. the
wheel frame this statement is equivalent to

5 SIn(@"+6) — 3 cos("+6)

- foranyjell,..., 1
"€)rsin @i+ L) cos ¢"i yjel Wl (@

Under the no skidding condition the wheel velocity reduces to
V= [Zyuy+ 2y X, 2
while the no slipping constraint can be expressed as:
V= w"ix riz" (3)

where i is the wheel radius.
Among the j wheels, identify the one which determines the steering direction and denote that angle by ¢°, so asto clearly
distinguish it from the rest. The orientation angle of the vehicle will then be expressed in terms of that particular angle,

. sin(¢°+ 6 co +6 X’ !
according to (1): H—X (¢"+6) = §" cos(¢"+ 6) . Now let u ]—, — a . ,anduzf — ,y, .
"€} sin ¢ +" €} cos ¢ ") sin ¢ +" L) cos ¢ "€y sin ¢ +" € cos ¢p*
Then,
uy;=0=u, iN(¢°+ 0) — u, cos(¢°+ 0) 4

The angular velocity of the wheel is written:
W= (Zyju, + Zyuly" + 23+ Z o, ) 2" (5)

On each wheel the following contact and field forces (and torques) are exerted: the reaction from the ground, F*/, applied
at the point of contact between the wheel and the ground, the reaction from the vehicle body F”, the control input torques
T", both applied at frame's {w,} origin and the inertia forces and torques. The ground reactions and the vehicle-wheel
interaction forces, do not contribute to the dynamic equations.* The only contributing generalized forces are the input
torques and the mertlal forces and torques.

By setting o i Ly + L ity + L 1) and f_Z]u]+Zzu2+Z2ju4+Z(M) , the generalized inertia and active forces which
contribute to the dynamic equations can be expressed
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Wi Wi Wi\2 w; Wi Wi\2
, _om" . m"i(r) , _om" m"i(r'i)
TH"i=—a)ily, ——— iz, , T$"=— )il —— al, ,
2 4 2 4
. mwl(rwj)Z . , ’ ,
T{i=— oLy . FfU=—maly,  F§=—mtal,

The contributions of the input and inertial forces and torques to the generalized active forces are

, z,

(Ton=L,79, (TO=L,70, (TO)y=LyT, (Tlf”)1=r7,’ T (Ti)=

w;
v TdII

r'

where 7% and 7! are the steering and driving torques exerted by the motors on the wheels, respectively.

3.2. \ehicle body

The vehicle body moves horizontally in a honholonomic fashion, subject to the combined effect of the forces exerted by the
wheels and the forces exerted by the attached manipulator. The wheel forces are included in the form of reactions to the
steering and traction torques exerted on the wheels.

At the mass center of the vehicle body areference frame {v} is attached. Axis x" is aligned with the direction of motion
when the steering angleis zero. Axis 2 is vertical and y* completes the coordinate system. On the vehicle body the following
contact and field forces and torques arc exerted: the reaction forces by the wheels, a force and torque by the manipulator,
the vehicle weight, the inertial forces and torques and the reactions to the driving and steering torques. Among them, the
reaction forces by the wheels, the force and torque applied by the manipulator and the weight of the vehicle do not contribute
to the generalized active forces.

Let I" be the vehicle's inertia moment tensor and define:

T 2(Z iy + Lty + 7y )T I — (L VT oo (1 — I
T 2 (Z ity + Loty + 7, )T oo I — (L VAo oo (I — 1Y)
T = (Zyity + Loty + 2y Vo1 — (L Ty W (L= 1)
Let the reaction torques by the wheels and the interaction forces exerted by the manipulator be denoted, respectively,
TW=—102% Th=—71y" F=FOx+Fy+F2 T°=T'x'+T%y"+T°2"
Then contribution of the mobile platform to the generalized inertial forces can be written
TH'=—THa "7, — T 7" 7, — T¥ w7,
T$'=—T¥ w2, — T 7l 7, — T¥ w7,
F{'=—m"(Z,in+ 2 )2,
F$'=—m"(Z,i,+ 7,7,
and the contribution to the generalized active forces
(To)=—2Z,7 (T9),=— 2,7y T?: T?ZI Tg: T(zjzz
F?:F.?Z/\H"'FEZMS Fg:FEZA+4+F?Z)\+6

3.3. MANIPULATOR BASE
The manipulator base is rigidly attached to the mobile platform. It does not possess an independent degree of freedom and
could be considered a part of the mobile platform. The reason for examining it separately, despite computational cost, isthe
fact that for stationary manipulators the inertial parameters of their base are typically ignored and are usually unavailable.
On the other hand, mobile platforms are manufactured separately. As a result their inertial characteristics include only the
body and the wheels. The unavailability of information that would enable the integration of the manipulator base to other
structural components necessitates its independent study.

The interaction forces between the manipulator base and the vehicle on which it is attached to do not contribute to the
dynamics and therefore do not appear in the equations. However, these forces are useful in determining and maintaining
contact stability of the wheels. In order to bring into evidence, the interaction forces between the manipulator and the
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platform we assume that there is a virtual relative movement between the two bodies, expressed in terms of some additional
fictitious generalized speeds. At the mass center of the manipulator base, ¢,, a reference frame {0} is attached. This frame
is aligned with frame {v}.

On the manipulator base the following forces and torques are exerted: inertial forces and moments, reactions forces by
the mobile platform, the reaction torque by the first link of the manipulator, and the base weight. The base weight contributes
because of the virtual motion of base with respect to the platform.

Let 7° be the base's inertia moment tensor and define:

FO2Z, i 42 i+ Ly,  FRO27, 5047, i+ 7,
T 2 (Z ity + Loty + 7, )T 10 — (ZS)ZW;;‘.,,,. oo (10— 10)
T = (Zlu1 + 2ty + 7 o )T o0 D) = (L) 750 o (12— UY)
2(Z,i, + Zyiy+ 2 )T LS = (L3) T i (1) — UY)
The interaction forces and torques exerted by the platform to the base are expressed as
Fo=—F)x'—Fly'—F'2 T'=—T'-T1%'—T1°2

whereas the reaction torque by link 1 and the weight is T '=— 7,z' and G °=m’gZ’, respectively.
The contribution of the inertial moment to the generalized inertia forces will be

T*O__T*OZ 77"0,7,_ Z7To

yepi

0 Fad 0_ 0 bl 50 2 _ 0 Fid
Tﬂ< Zl 7Tzot,,[ T% = T* Zz’ﬂlo epi T? Zz'ﬂ';u cpi T* Zzﬂzotl,[

0 _ _ 0, x0cpi 0 0‘,, 0 0(,;; 0 _ 0 xu' 0, i __ 0 0(,;‘
T o= — T 5" — TH0m )" — T T o= — T — T¥0m)" — 7
Ocpi 0, yOepi 0 ‘)n
T#,=— THms" — T — T+
m+7 x z

The contribution of the inertial force to the generalized inertial forces will accordingly be

F'=—m[F*Z, 4 +FTOZ/\+5] F3'=— mO[FTOZ/\+4+F§Xv<OZA+6]

«0 _ _ 00 w0 _ _ 00
Fm+8_ mFx Fm+9_ m F)'

The base weight, the interaction forces and the reaction to the torque on link 1 contribute by:

0o _ 0 0 0 0 0 0 _ 10
Gm+10_m 8 Fm+8_ Fx Fm+9_ Fy Fm+10__Fz

0_ 70 0__ 70 0 0 0 0
Tl__TzZI TZ__TZZ2 Tm+5_ Tx Tm+6_ T)'

0 _ 70 1_ 27 T_ 27 1 _ XY
T,7=-T; Ty=—nmyl, Tr=—mm.l, T, s=—mm

1 W 1 _ X 0_ 0 _ 10 0_ 0 _ 0
T,.e=—mima T, =—T\T% Fi=—FZ,,, FyZ)\+5 Fy=-FZ,,, FyZ/HG

3.4. First manipulator link
Within Kane's methodology it is pointed out that out of all forces and torques acting on a link, only the input torque, the
weight and the inertial forces and moments contribute. The reaction forces and torques between neighboring links do not
contribute to dynamics and can be ignored. This observation results in significant savings in terms of computational and
derivation complexity.

Frame {1} is attached to the mass center of the first manipulator link. Aligned to the principa inertial frarne, it rotates
relative to the manipulator base around axis z.*

On thefirst link of the manipulator the following are applied: inertial forces and moments, the link weight, the input torque
and the reaction to the input torque applied to the next link.

Define the terms:

F*l =ity +ZA+10”2+ZA+IIMS+Z§+S Tfl é(z4u]+25u2+zk+4)1}c_ZIIZIZ(I;’_I;)
A . . . A . .
Fffl =L yoiy+ Ly 5l + 2y glis+ L g Tfl =(Zsul+z7uz+zk+5)li — 2,2\ —1y)

F?I éZA+15u1+ZA+16u2+Z§+7 Tfl é(qul"‘Z9L'iz"‘b'ts"‘zkm)lé — 7,2, _I;)

The input torque of link 1 and the link’s weight are, respectively, T'=r,z' and G'=m'gZ.
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The contribution to the generalized inertial forces for link 1 would be

FTI=—m'[FfIZ/\+9+F;*TIZA+,2+F;‘fIZA+15] T =-T%'7,— Tj‘lz6— T’flzg
F5'=—m'[F5'Z, 10+ F¥' 2, 3+ F¥'Z, 6] T5'=-T%'Zs—T*'7,— T*'Z,
FE'=—m'[F*'Z, \+F¥'Z,, ;] Ts'=-T%
Fils=—m'[F*¥' 7, + F' 7, + FF'Z . 3] Ths=—TH7 01— T2 s = THZ
Fi‘;lm:—ml[F*flzwz"‘Flews+F>zklzy+14] T?:11+6=_TTIZM+2_ T_lems_ T?IZMS
Fjl:li-7:_ml[F*f‘:lZV*-:;+F}EIZV+9+F§<IZV+15] szb:_Tle#ﬂ_ Ttlzwﬁ_ Tiflzﬂw
FT'Z1+8=—m1[F*TIZVM"‘F}HZW10+Fiflzu+16] szl+9=—ml[F>xklZu+5+F§’»<IZv+11+F>flzu+17]
Ff11+10=—m][F*;klzum"‘Ff]Zw12+Fi§lzu+1s]

On the other hand, the contribution of the weight is calculated as follows:

11 1 1 B 1_ 1 B Bl 1
1=mg(ma o+ oLy iyt Tal ) s5) Go=mg(myl o+ T Ly o3+ Ta Ly s46)
1.1 X! y! 1 1 X! y! 2!
Gs=mg(my 1, +70 Ly 14) Gs=mg(myl , \+THL g+ Tl )
| x! y! Z! 1 _ x! ! z!
Gm+6_m g(ﬂ-z’ Zv+2+7Tz’ ZV+8+7TZIZV+I4) Gm+7_m g(ﬂ-z’ Zu+3+7Tz’ Zu+9+7Tz’Zv+15)

1 _ 1 1 ,1 Z] 1 _ 1 1 1 Z1
Gm+8_m g(']Tifl Zu+4+7T3’.I ZV+10+7TZIZV+]6) Gm+9_m g(’n-)z(’ ZV+5+7T¥’ Zv+11 +7Tz’ZV+I7)

Grln+10=mlg(77"§’1 2,6+ 7Ti'1 2,0+ 77:’] Z,.18)
while the input torque contributes by

1_ 1_ 1_ 1 _ X 1 _ ¥ 1 _ X
T =144 T,=74, Ts=m T, s=7 T, =7 ) T, =77

3.5. Links2tom
Links 2 to m are analyzed as link 1 and recursive expressions for the kinematic quantities are derived. In this way, there is
no constraint to the number of the manipulator joints that can be included in the model.
Atthemasscenter of link i, fori=2, ..., m frame{i} isattached. It isaligned to the principal inertial frame. Link i rotates
w.r.t. link i — 1 adlong axis Z'.
For the rest of the links the treatment is similar. We first identify the forces and torques acting on each link: the inertial
forces and moments, the link’s weight and the input torque. Define:
Ffi:ZB,ul"'ZBin i+ Ly st -+ L i3+ g iy ls+ L
F¥=lg i+ Ly, st Lp pyitst o +Lg ity + L oty + s
Fifi:ZB,+2i+4ul+ZB,+2i+5 I+ g riveltst -+ Ly sipqllis+ L g5
Tfi=(za, I+ i+ L o yits+ - -+ Ly Ui+ L, M — Ve Zai+3i+5(1§' =1I)
Tffi:(za,.nﬂ I+ gpivr g+ L o yizitst e+ L o Uizt Ly s )Ii - Zai+3i+SZai+3i+3(li —1))

i . . . . . i i i
T¥=(2 girivor iy + L g riss o+ L o sojyalits+ - + L o i Uyystiti g+ 2 =2 5l o isinad = 1)

The input torque and the weight of the link are T'=7,Z and G'=m'gZ', respectively.
The contributions of the inertia moments and forces to the generalized inertial forces are:

[Ty 7% TF ... TH, TE, Ths The Thal
T .
Za,- Za,-H Za,-+2 Zﬂ,+i 0 Z,U.+1 Z,U.,-+2 Z,U.,-+3 ’Tfl
== Zcr,+i+1 Za,-+i+2 Zoz,-+i+3 s Zai+2i+l 0 Zu,-+4 Zﬂi+5 Zui+6 77;!?1. ’
Za,-+2i+2 Zoz,+2i+3 Za,v+2i+4 Zoz‘-+3i+2 1 Z,u.,+7 Z,u,-+8 Z,u,-+9 T?l
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[Ff" F¥ FY ... F¥s FE, Fis Fie Fiogl
T .
Zﬂ, Z/3,+1 Zﬁ,-+2 s Z,B;+i Z/3,»+i+1 Zv,-+1 Zv,-+2 Z1/,+6 F?c’l
= ml ZE,.+i+2 Z/3,»+i+3 Zﬁ,-+i+4 L ZB,-+2i+2 ZB,-+21‘+3 ZV,-+7 Zv,-+8 Zv,-+12 F?l ’
Zﬁi+2i+4 ZB,+2i+5 Zﬁ,+2i+6 e ZB,-+31’+4 0 Z1/,+13 Z1/,+14 Zv,-+18 Fﬁf[
The link weight and the input torque contribute to the generalized active forces by:
[GY G¥ G¥ ... G, G¥, Gis Gi, Gil
T
X
L, L Lo - Lg, Ly Lyi ZLyr Zyus T
=m'g Z,B;+i+2 Zﬁ,.+i+3 ZB[+1‘+4 cee ZBA+21'+2 Zﬁ[+2i+3 ZV[+7 Zu,+8 ZV[+12 T |,
Z,B,+2i+4 Zﬁ[+2i+5 ZEi+2i+6 cee Z/:'i,+3i+4 O Z1/i+]3 Zv;-+—l4 Z1/,»+18 7T€’
7¥+4=’E

3.6. End effector
The end effector is analyzed only as being the point where the load is applied. It makes no inertial contribution by itself;
that contribution has been included through the analysis of the preceding links.

Thc end effector, ee, is considered a part of the last link in the manipulator chain. Therefore, its angular velocity will be
", since the point belongs to the rigid body m.

If an external load is applied at the end effector of the manipulator, then this can be represented by a couple torque and
aforce

Tee: TiC’XIn_i_ T;(fy”l_i_ Tg(fzn‘l Fee:FieXm'i'F;eym'*'F;me

The contribution of this torque and force to the generalized active forces would be

AL [ T
[T Ty TY ... Teql'=|00 1| T¢ |,
ML T
B.. |[F]
[F Fy Fe ... Feol=| XN, || F& .
N2 || Fe

3.7. Dynamic equations
The system dynamic equations can now be derived by adding the contributions of each rigid body

D (Fr+F+T*4+T)=0

There will be as many equations as generalized speeds. For generalized speeds i, u, and u,:

w m

0= > [T{"+ F+(T) 1+ TF + FY 4+ TR+ F+ FY 4+ T{ 4G 1+ > [T+ Ff+ G+ T+ Fee (6)
j=1 i=2

0= [T+ F§"+ (T4 T+ F{ 4+ F*+ T+ F{ + T5 + G L+ > [T+ Ff+GY+ TS +Fs (6b)
j=1 i=2
v mwj rwj 2

0=> [221 = al # z, (6¢)
=1

The dynamic eguations that correspond to the manipulator generalized speeds are
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0=7,_,+ 2 (TH+F¥+ GO+ T“+F*, ref{5,...,m+4} (6d)
i=r—4

i=r

The dynamic eguations that involve the non-contributing forces that have to come into evidence are:

m

_ 0 0 1 1 1 i i [ _
=T34 T0,, + Gyt THL + FEL 4 > (T, 4 Fi, Gl )+ Ti, +F L, p=5.6.7 (6e)
i=2
m
_ 0 0 1 1 i i 2 —
O=F35 4 FS Gl o Fil 4 > (Fi, + Gl )+ F,, 5=8.9 (6f)
i=2
m
_ 0 0 1 1 [ i 4
0=m g+ FS, 10+ G horo# Fib gt D (Fi 1o+ Glio) 4 F ik (69)

i=2

In developing the above dynamic equations, care has been taken so that generalized accelerations appear explicitly. This
facilitates the transformation of the equations to the closed form:

Mu+F=Br )

where M is the inertial matrix, U is the vector of the generalized accelerations, F is the vector of the Coriolis, centrifugal
and gravity terms and B is the matrix that multiplies the input variable vector 7. In reference [2] explicit formulas for such
atransformation are given, athough thisis actually a matter of algebraic manipulation.

4. CONSTRAINTS
In Section 3, two kinematic constraints have been stated. The rolling without slipping constraint,

& COS("+ 0)+5" SIN("+ 0)+ 6 € sin ¢ —* € cos ¢

V;.Vf =wixr"i="iw'i=
Y Y rw i

and the no skidding constraint for the wheels:

. X" sin(¢"i+0) —y" cos(¢p"i+ 6
V.‘;flzozez 4 §/¢ 3/’ \;)) w. q¢ W )
€y sin ¢"i+"L}7 cos ¢

foranyje{l,...,w}

Finally, the relation between the velocities of awheel center and the vehicle mass center is
V'=V— 02 x €%

The above equation can be used to eliminate another generalized speed, although this option has not been utilized in this
paper. The relation can be equivalently described by an equation in the form g =Sz, where § is the vector of the remaining
generalized speeds, z is the vector of the independent generalized speeds and S is a matrix of an appropriate dimension. By
differentiating and left-multiplying (7) by S', we obtain:

S'MSz+S(MSz+F)=S"Br (8)

Equations (8) are the final, reduced form of the dynamic model of the system, with all constraints included. Nonholonomic
constraints have been integrated within the model equations, without the need for Lagrange multipliers. This can ensure that
in theory the vehicle trgjectory is nonholonomic and that the platform wheels roll without dlipping. What ensures, however,
isthat in real applications the constraints will be respected?

In fact, velocity conditions such as the one used above are only necessary and not sufficient, because they describe the
result and not the cause. In this section, we treat this problem by completing the set of nonholonomic constraints by
additional expressions involving constraint reaction forces at the wheels. We specify the domain of admissible values for the
constraint forces and indicate how friction forces will not saturate and how tipping over can be avoided.
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The set of constraint equations follows. The no dipping condition is adopted from reference [12] while the tip-over
criterion used is the Force-Angle stability measure.?

w

RZ =2 Fvz'  (vertical balance) O<FY=F"z"
Jj=1
TF (driving t ) 0= ! IFY1l—z%F"  (no dlipping) 9
rFYxti=7y  (driving torques 2 il =z
K 97 Viey

<§+2 F%wa).(wuvv)=o (no skidding) a=min(3)IIRII>0 (no tipover)

Jj=1

where 9, isthe angle measure associated with each tip-over axis, i, given by 9,=sign {(,x %) - &} arccos(f* - I,), the reaction
forces exerted on the wheels are denoted by F"/, R is the resultant of all contact and field forces exerted on the platform given
by R=m'(g—a’)+2", m"(g—a")+F°, n isthe coefficient of static friction between a wheel and the ground, and the rest
of the symbols are defined as

,\ f*
i f* i él=

. = ,=€M’H’] - e“”
T T an &

=0 =8 &) =2 ="p™) f=(—a&)R n=— > T¥-T#-Te4T?
Jj=1

Equations (6) along with constraints (9) constitute a dynamic model of a mobile manipulator under load with the full set of
constraints imposed on the system.

5. DISCUSSION

5.1. Physical insight

Physical insight stems from the fact that in the final expressions, one is capable of distinguishing the forces and torques that
influence the dynamic behavior of the mechanism. Take, for example, (6), in the case of a mobile manipulator with two
horizontal links and no load (see Section 6):

0= D" [T¥"+FY"+(Ty) |+ TH + Ff' + T+ F{*+ F{ + Tt + TP+ P2

j=1

0= D" [T§7+ F{r (T )+ T+ FE + T+ F{+ F§ + T + T+ Ff?

j=1

w

Wi (Wi \2

, m"(r")
0= | Z,7—a z,
5 S < 5

4

j=1
O=7+T + F' + T+ F¥

_ 1 1 2 2
O=7+ T, +FE +TE+FE

It is evident that the only contributing forces are the inertial forces/torques and the input torques. The weight does not
contribute because the motion is planar. Nor do any nonholonomic constraint forces and therefore they do not have to be
calculated. On thisissue, the approach departs from conventional methodol ogies which require calculation or elimination of
the constraint forces.

By examining the system from Kane's methodology viewpoint, it is evident that when having the complete model of the
mobile manipulator the interaction forces between the manipulator and the mobile platform do not contribute to dynamics
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and therefore they have no impact on the system’s performance. Therefore, contrary to existing approaches, the control
design need not focus on cancellation of this interaction. Such control approaches® could be justified within a framework of
decentralized control, but cannot promise improved dynamic performance.

What is also clear is the effect of ignoring the friction at the wheels: an infinitesimal steering torque will cause an
undamped rotation of the wheels.

The most important characteristic of the nonholonomic attribute of the system, reflected on the dynamic equationsis with
no doubt the lack of correspondence between the number of degrees of freedom and the number of dynamic equations.

5.2. Computational complexity

Computational complexity is another important issue. Kane and Levinson* modeled a Stanford Manipulator and reported
fewer multiplications and additions than any other approach. Kane, however has not described analytically the complexity
of his computational algorithm. We have derived an upper bound for the calculations our model requires:

multiplications: 37.5m*+441.5m+88+28w, additions: 31.5m*+392.5m+26+ 11w,

where m is the number of manipulator links and w is the number of the vehicle wheels. Both the number of multiplications
and additions belong to O(m?).

5.3. Comparison to alternative methodol ogies
The algorithm is obviously superior to Lagrange formulations as far as computational complexity is concerned, since the
Lagrange computational algorithm isin O(m").

As far as Newton-Euler formulation is concerned, it must be noted that the parabolic curves presented above lie below
the Newton’s line for reasonable numbers of system degrees of freedom. To make a simple comparison, consider the case
of avehicle with four wheels one manipulator link. The number of rigid bodiesin the system is 6. Our agorithm will require
in the worst case,

Kane: 679 multiplications 494 additions

To estimate the number of calculations needed for a Newton-Euler algorithm, we borrow the polynomials derived for the
case of a Puma manipulator with 6 links™ which gives:

Newton: 678 multiplications 597 additions

Moreover, Newton-Euler formulation exhibits difficulties in dealing with reaction forces at the wheels. Its recursive nature
requires the calculations of all forces and torques exerted on the system. However, the distribution of the reaction forces to
the wheels is unknown.** Finally, it must be emphasized that our equations are not optimized in terms of complexity, and
are presented in the most general form. Care has been taken so that generalized accelerations appear explicitly and the
equations can easily be brought into the form Mx+ C(x)x+ K(x)=F, which is suitable for control. The same cannot be said,
however, for Newton-Euler eguations.

instantaneous
rotation center

link detail

Fig. 2. Mobile manipulator used in the example.
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6. NUMERICAL VERIFICATION

This example is a three wheel, two link mobile manipulator
(Figure 2). The geometric and dynamic parameters used are
givenin Tablel.

Simulations were conducted in MATLAB using an odel5s
integrator. Input torques were set to zero. For a number of
motion cases, Figures 3-5 depict the motion of the mobile
manipulator, the total energy of the system, the friction
forces and the influence of forces and torques on stability
against tip-over.

Monitoring the total energy of the system can help verify
the validity since in the absence of input torques, the
Hamiltonian of the system should remain invariant. In the
planar examples, this Hamiltonian reduces to the kinetic
energy of the system. As can be seen in al simulations, the
kinetic energy of the mechanism remains constant, implying
that the system model is consistent.
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The calculation of friction forces serves in determining
stability margins against slipping and skidding. Friction
forces are directly related to velocities and accelerations, as
shown in Section 4. Ensuring small values for the necessary
centripetal force can safeguard against the risk of skidding.
Modeling the characteristics of tire friction is quite
demanding and is still an issue of research in progress.
Friction models'®*® can serve towards this direction and
significant effort is currently devoted to extending their
applicability and generality.

Another important measure for mechanical stability isthe
tip-over stability measure. Normally this measure should
take positive values. Negative values indicate that the
system is on the verge of tipping over, having lost contact of
some of its wheels with the ground. Whether tip-over will
occur depends on the time interval for which the measure
remains negative and the configuration of the system in

Table 1. Geometric and dynamic parameters used in the example system.

Geometric Parameters (m)

[7=0.3 [y=0 [y2=-0.3 ”r8=0 "rg'=0 ro=0 rla=0.25
[y1=0.3 [M=-0.3 ["=-0.3 'r0=0 "r?':O lr:."'zo 'rj"':0.1505
ra2=0.8 1r§212=0 1r\if'2=0 r*=0.15 2rﬁ“2=0 2rf"2=0 re=0.4
Inertial Parameters (kg or kg - m?)
m'=2 m'=10 m?=5 I'=1.667 I7=3.02 12:0.08 Ij,:2.035 1'=1.759 13:0.267
m°’=5 m’'=40 1,=1.667 1°=0.08 1?=0.156 I§=2.073 1)2,=0.267 I*=0
System motion Kinetic energy
1.
1t ° 0.8 |
x
206 |
3
9,
ol 2
04 |
@
]
02 |
-1}
. ! ! 0 ! ' t(sec)
-1 0 1 0 5 10
X 10 14 Centripetal force Tipover stability measure
6 19.2718
2
% 41
= 19.2718
8
£ 21
19.2718
0
-2 R 19.2718 "
0 5 t (sec) 10 0 5 10 t(sec)

Fig. 3. Motion in straight line with aligned links.
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System motion

Centripetal force

Force [N]x 10

Fig. 4. Circular motion of the first link.

terms of the ability of gravitational stabilizing forces a
moment at that particular configuration to bring the
mechanism back in full contact with the ground.® In real
applications, this quantity should always remain positive. In
simulations however we have the advantage to let this
measure vary freely in order to determine the kind of motion
that is most likely to cause tip-over. In this perspective, in
the type of motion depicted in Figures 4 and 5 the risk of
tip-over is substantial.

In Figure 3 the mobile platform has an initial translational
velocity and moves in a straight line while the two links are
aligned with the direction of motion. As expected, due to the
straight line motion of all components, no centripetal forces
are developed. The tip-over stability measure is positive
indicating no risk of tip-over. Since no input torques are
applied, the kinetic energy remains constant at all times and
the motion produced in the simulations verifies that the
robot maintains its straight motion.

In Figure 4 the base is stationary and the first link rotates
while the second joint is unactuated (passive). This motion
generates inertial forces which enforce nonholonomic
motion on the base. The nonholonomic motion is depicted
in Figure 4 in the horizontal oscillation of the platform
indicated by the shaded region. The dynamic effect of the
rotation of the passive link is depicted in the varying
velocity of the first link (successive plots correspond to
constant time steps). Centripetal forces accelerate the links
and produce the irregular spacing between each link
configuration. This motion can cause tip-over during the

Energy [Joule] x 10

Kane's approach

Kinetic energy

0.8 |

06

04 |

0.2 |

0 " t [sec]
0 5 10

Tipover stability measure
100

50 |

it [sec]
10

tip-over risk

time periods indicated in Figure 4 by the thick lines on the
time axis of the graph representing the tip-over stability
measure. During the time when the first link angle is close
to 7/2 and 37/2 the centrifugal forces are sufficient to cause
tip-over.

Finally, in Figure 5, the base moves on a circular path
while the manipulator links are unactuated. This case is
useful to observe how the motion of the links affects the
mobile platform’s speed and how the centrifugal forces
induced by the circular motion of the platform cause link
rotation. Thec influence on platform speed is evident from
the irregular spacing between successive platform locations.
Tip-over can occur during the time periods indicated by the
thick lines on the time axis of the tip-over stability measure
graph, corresponding to the configurations where the first
link is ovcr the right side of the mobile platform.

7. CONCLUSIONSAND ISSUES FOR FURTHER
RESEARCH

In this paper a complete model for a mobile manipulator
system has been constructed, consisted of a set of dynamic
equations and a set of constraint equations. The model is
formulated following Kane's approach which is advanta-
geous to conventional approaches. Within that framework,
the importance of the dynamic interaction between the
vehicle and the attached manipulator for stability was
emphasized and the methods for bringing such an inter-
action into evidence were exploited. Monitoring the reaction
forces from the ground is necessary in order to secure the
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System motion

Centripetal force

1.5

Force [N]x 10

0.5 t (sec)

20 40 60

Fig. 5. Circular motion of the platform with unactuated arm.

system from tipping over and to guarantee that non-
holonomic constraints are respected. It is pointed out that
conventional velocity nonholonomic constraint equations
are not sufficient to impose a nonholonomic mation unless
accompanied with their dynamic counterparts, which are
formally expressed and presented in this paper. Current
issues of interest include modeling multiple cooperating
mobile manipulator systems to enable effective control
strategies.
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APPENDIX

Let m be the total number of manipulator links and i>1
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