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ABSTRACT Tipping over avoidance is critical for the success of mobile manipulation, especially in the
cases that the onboard manipulators or the mobile vehicles move rapidly. Due to strong dynamics coupling
between the onboard manipulator and mobile vehicle, online evaluation of dynamic stability of mobile
manipulators and generation of strategies for tip-over avoidance still remain challenging. This paper presents
an improvement tip-over moment stability criterion dealing with wheel-terrain and vehicle-manipulator
interaction and proposes a real-time tip-over avoidance algorithm to minimize the tip-over moment transfer
through either adjusting the posture of the onboard manipulators or changing the running velocity of the
vehicle. The simulations and experiments on a four-wheeled mobile manipulator validate the correctness

and feasibility of the proposed method.

INDEX TERMS Mobile manipulator, tip-over avoidance, tip-over moment, wheeled—terrain interaction,

vehicle—manipulator interaction.

I. INTRODUCTION
Mobile manipulator is an emerging class of robots which
has capabilities of both moving and manipulation. A mobile
manipulator is usually composed of a mobile vehicle with one
or more onboard manipulators mounted on it, enabling it to
be widely employed in manufacturing, logistics, home ser-
vice, firefighting, dismantling bombs, disaster rescue, nuclear
power stations, and even planetary exploration [1]-[4]. How-
ever, due to strong dynamics coupling between onboard
manipulator(s) and mobile vehicle, a mobile manipulator
inevitably tends to tip-over in the cases that it undergoes
heavy load, moves at high velocity/acceleration, and/or nego-
tiates rugged road. One of recent example is in the DARPA
Robotics Challenge (DRC), where many robots failed due
to tipping-over in the progress of the contest [5]. Therefore,
tip-over avoidance is a prerequisite for a successful mobile
manipulation.

Some tip-over stability criteria have been applied in
mobile robots [7]-[12], and among them the Zero Moment
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Point (ZMP) method is the most popular. ZMP stability cri-
terion has been applied for tip-over avoidance of a mobile
manipulator by Huang et al. [7] and Sugano et al. [11]. , How-
ever, ZMP is not sensitive to the change in the center of mass
(COM) [15] of the system, and it is unable to make a specific
prediction for robot’s instability [6], [13]. Then, Papadopou-
los and Rey [14] reported the force-angle (FA) margin cri-
terion, which can predict instability with a minimum angle
between the resultant force exerted to the mobile platform
and tip-over axis (TOA) normal. Although this criterion is
sensitive to heavy loads, it requires the position COM must
be known in advance and is only applied in a low velocity
and large force condition. Moreover, this criteria also ignores
reaction forces and moments where the manipulator exerts
on the mobile platform, and then Moosavian and Alipour
presented Moment-Height Stability (MHS) measure in con-
sideration of robot’s inertia about each axis of the support
polygon [15]-[17]. MHS is sensitive to the whole system
COM height. However, there is need to acquire the entire
system COM position in advance, on account of its additional
computation on the moment of inertia of the reference point
of the moving vehicle coordinate system to each side [18],
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this criteria may be helpless for robot’s real-time tip-over
stability judgment. In addition, some other criteria are also
employed in the stability detection of mobile manipulators,
but there exist many different disadvantages. For example,
normal supporting force criterion (NSF) [19] requests sup-
porting forces can be measured with force sensors, which
leads to a high cost. While there are plenty of complex com-
putations in energy-equilibrium plane criterion (EEP) [20],
which may cause the failure of real-time instability judg-
ment [22], and effect of wheel-terrain interaction on robot’s
tip-over is not taken into account in tip-over moment (TOM)
criterion [21]. Currently, many works have made specific
presentations on tip-over stability for mobile manipulators in
the process of climbing slopes or stairs. However, few pieces
of literature published has reported a robot’s tip-over stability
resulting from the dynamic effect of its onboard manipulators
and mobile platform.

Many tip-over avoidance algorithms have been proposed
to avoid robots’ tip-over in the motion process. For instance,
Rey and Papadopoulos initialize manipulators’ configuration
to avoid robots’ tip-over with FA measuring method [23].
Based on an adaptive neural fuzzy approach, Li and Liu
utilize self-motions of redundant mobile manipulators to
improve a robot’s stability [24]. Alipour et al. have put for-
ward a stability margin metric-increment function (SMMIF)
and design relevant motion parameters with a fuzzy logic
theory to prevent tip-over [25]. Liu et al. have reported
a real-time tip-over avoidance algorithm, which makes the
best of online change of tracked vehicle configuration and
adjustment of onboard manipulator s’ posture [19], [24].
Moreover, many other traditional algorithms (minimum dis-
tance method [26], adaptive control method [27], inverse
motion method [28], genetic method [29] and neural network
based on observer method Caron et al. [10]) have been being
applied in robot’s tip-over avoidance.

However, the research on the relationship between a
low vehicle-manipulator mass ratio and tip-over stability
of wheeled mobile manipulators remains challenging, espe-
cially in the motion process of high velocity. As is well-
known, vehicle-manipulators interaction has an impact on
robots with low vehicle-manipulator mass ratio: (1) In the
low-velocity motion, the configuration of the onboard manip-
ulator has great effects on the distribution of load, which may
affect vehicle-terrain interaction; (2) In the motion with high
acceleration, the velocity centroid of the systems may change,
consequently taking impact on the vehicle-terrain interac-
tion. In this paper, an improved tip-over moment stability
criterion (ITOMSC) is proposed dealing with wheel-terrain
interaction and vehicle-manipulator interaction. In contrast to
exiting measures, this criterion has such advantages as great
sensitivity to the COM, smaller computations cost, and better
real-time performance and even there’s no need to know the
position of the entire system COM in advance. Meanwhile,
a novel minimum amount of tip-over moment transfer based
real-time tip-over avoidance algorithm is also presented with
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FIGURE 1. The CAD model of the wheeled mobile manipulator.

the help of the change of vehicle velocity and adjustment of
onboard manipulator pose.

This paper is made up of six sections. Based on the kine-
matics and force model of this robot, wheel-terrain inter-
action and vehicle-manipulator interaction are analyzed in
Section II. An improved ITOMSC criterion is presented in
Section III. And then in Section IV, a novel real-time tip-over
avoidance algorithm is proposed. In Section V, Simulation in
MATLAB software and experiments are carried on in order to
validate correctness of this improved tip-over stability crite-
rion and the proposed real-time tip-over avoidance algorithm
with this criterion, and in the final section, some conclusions
on them are drawn.

Il. KINEMATIC MODELING AND FORCE ANALYSIS

OF WHEELED MOBILE MANIPULATOR

A. KINEMATIC MODEL OF THE WHEELED

MOBILE MANIPULATOR

The wheeled mobile manipulator (WMM) under study con-
sists of a four-wheel mobile platform, an end effector,
a manipulator controller, and a manipulator mounted on the
mobile platform, depicted in Fig. 1. The four-wheel mobile
platform (called a vehicle for short) is composed of a chassis
and four driving wheels which can be controlled to realize
steering independently.

To describe the motion of the mobile manipulator, four
coordinate systems are established, i.e., the world frame
OwXwYwZw, the ground frame OsXgYsZg, the vehicle
frame Oy Xy Yar Zyr,and the manipulator frame OgrXrYrZg,
as shown in Fig. 2. In the frame Oy Xy Yy Zy, the origin
Oy is set as the projection of the vehicle center on the
ground, in Fig. 2(a). Then, the motion of the vehicle on
the ground can be determined by the position (dxm. dym, dzm).
the yaw angle ¢,,, and the pitch angle 6,,. Regarding the
frame OrXgYrZg, the origin O, is selected to be the first joint
frame of the onboard manipulator, which is confirmed by
the centers of the vehicle-manipulator contacted area, OrYr
and OrZp are chosen to be parallel to Oy Yy and OpZy,
respectively, in Fig. 2(a). Then, the transformation matrices
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(b)

FIGURE 2. Coordinates system definition. (a) Coordinates system
definition. (b) View along Oy, Yy,.

between different frames are given as:

[ cos6, O —sin6, O

wp_| 0 1 0 0

S sind, O cosf, O
0 0 0 1
[cospyr  —singy 0 dun

S _ sin ¢y coS Py 0 dyn

M: 0 0 1 0
0 0o 0 1
1 0 0 d,

e O 1 0 0

krT=10 0 1 a, (M
0 0 0 1

For the sake of simplification of analysis and computations
conducted in the paper, the following assumptions are made:

1) the ground is even and no surface shrinkage is consid-
ered;

2) the center of gravity (COG) of the platform is coincided
with its center of geometry;

3) all wheels are always in contact with the ground. i.e.,
no slippage of the wheels occurs;

4) the onboard manipulator is rigidly connected with the
platform, and the links of the onboard manipulator are rigid.
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The position-level kinematic equation of the mobile
manipulator with respect to the frame OwXwYwZw is
derived following the DH method. The orientation of a
generic link i 4+ 1 of the manipulator with respect to the link
i is given by

. i1 —s0i+1 0
i R=| sOitica;  cOiprca;  —sa; 2)
sOir180;  COiy1Sa co;

while the position of the link i 4 1 of the manipulator with
respect to the link i, described with respect to the link i,
is given by

aj
—saidiy 3)
co;dipy

i _
i+1P =

A compact notation has been adopted for i 4R and i P
where c6; := cos 0; and s0; := sin ;. So, the manipulator end
effector position and orientation present in the manipulator
frame OrXgrYgrZg are

. i=1
0 _ i—1
0P = S o @
i+1 ?p—i—]_[i.HR;_’_lp, i>1,icZ
i=0

n
0 .
n-HR = H;+1R (%)

i=0

Based on the homogeneous coordinate transformation
method, the position-level kinematic equation of the mobile
manipulator with respect to the frame Ow Xw Yw Zw is

[vr, 1] =¥r- 57 %7 [%p 1] ®

where ?’T s ISWT and II‘{ T can be obtained by Eq. (1). Here,
take the first and second derivatives of Eq. (4) and (5),
the recursive form expression of angular velocity, angular
acceleration, linear velocity, linear acceleration, and linear
acceleration at COM are obtained respectively, which are
given as

il il e it

1@ =; Ro+qiy -7 (7

il il i itlp i il it

@ =; R0+ R-0x 17 Git1+Git1- 2

®)

il i (i i

i1 =; R (iv +iw X i+1P> )

il il (i i i i

it1”=; R (i" +@ X p+eX (iw X i+1P)> (10)

N P T8 N TS B TS B eS| i+l i

i+1Ve = i1V T i@ X i 1P T @ X (i+1"’ x i+1Pc)
(11)

Meanwhile, it is easy to build the velocity-level kinematic
equation of the vehicle, which is given in Eq. (12), as shown
at the bottom of the next page. By using the principle of
linear superposition, the velocity-level kinematic equation of
the wheeled mobile manipulator is obtained, as shown in
Eq. (13).

wiendzjqzri'm +miw=Jrqr+qum (13)
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FIGURE 3. Force analysis for a wheeled mobile manipulator. (a) Simplified model. (b) View from the O¢Zg

direction. (c) View along Oy, Y. (d) View along Op;Xy,.

where the Jacobi matrix of the onboard manipulator is calcu-
lated by Eq. (9).

B. FORCE MODEL OF THE WHEELED MOBILE
MANIPULATOR

For simplification of representation, the masses of all parts
of the mobile manipulator are simplified into the equivalent
COG (see Fig. 3). Furthermore, for the convenience of calcu-
lations, the gravity acceleration vector g = [O 0 —9.81 ]T,
the external force vector f,, = [F:fx, F), F%, ]T, and
the accelerations for the COG are projected to OsXsYsZs,
OMXM YMZM and ORXRYRZR as follows [19]

szc ]T

m T a4

. . . 1T S pT T[se g
[mxc "Ye ch] =yR" - [Yxc Ve
rzc] — %RT . [mjc'c m'};c
where ?’R, ;f,,R and %’1 R are rotation matrices, which can

be obtained by Eq. (1). From Fig. 3(b), thex-direction andy-
direction centrifugal accelerations can be determined as

a, = ("xc—do) ¢y,
@, = (bo—"yc) ém, (15)

where djy indicates the x-direction offset of the instant center
of rotation (ICR) with respect to OrXgrYrZg, which can be

sg = ;VRT 8 o= ;VRT Soxt obtained from Fig. 3(b)
mgzilRT.sg mfext:i‘lRT'sfext 0 : -0
rg _MpT m r _MpT m ’ m =
g=pR -"g Tfext_RR " ext ) do = { Sx sin gy — Y, cos i, o209
[Sjéc Sj}c szc] — ?/RT . [Wjéc wyc wzc] ¢m s m
w1
1—-CB 1+CB 1—-CB 1+CB o
i =Jmy = 7 —tana+CA  tana+CA tana—CA —tana — CA a)2 (12)
C e —-C C 3
w4
where A = | /d2 + d? sina, B = \/cmwsa’ C = e @ = “m‘m%
VOLUME 7, 2019 67635



IEEE Access

X. Ding et al.: Online Dynamic Tip-Over Avoidance for a Wheeled Mobile Manipulator

where by indicates they-direction offset of the ICR with
respect to OrXgYrZg, which can be writing as

Oa ¢m = 0
by = 3 *x, cos Py, + 5y, sin ¢m’ (ﬁm £0.
Om

The accelerations of the COG along OgrXg and OrYr can
be obtained from Fig. 3(c) and (d) as

7

"a

r

= rxc - r).’c(ﬁm

= "¢+ "kchm (18)

o=

a

o<

where the last item in Eq. (18) is the Coriolis acceleration.
Moreover, wheel-terrain and vehicle-manipulator interactive
force analysis is described as follows.

Each wheel is subjected to forces in three directions x, y,
and z, i.e., tangential friction force Fy;, radial friction force
Fp; and support force Nj(where j represent the number of the
wheel) respectively. According to the vehicle dynamics [30],
the force balance equation for WMM accelerated uphill can
be derived by

Jj=1 j=

F,=Ff+F, +F;+F, (19)
Namely,
Fiy fo Fax F; Fix
= + + + 20
= [0 5] e
where [F,| = 200 F o — |Fy|sin B, Fyy = |F¢|cos B,
4 4
T .
Fy = ijg[ﬂx My] , Fi = mygsinGy, Fr = ZFdj,

4 4 4
Fpg = > Fpj, Fox = 3 m*ic, Foy = > m;*ye.
j=1 j= J=1

C. INTERACTION OF WHEEL-TERRAIN AND
VEHICLE-MANIPULATOR

1) WHEEL-TERRAIN INTERACTION

However, each wheel support force changes with the COG
of the mobile manipulator. For the sake of simplicity, instead
of analysis the force of each wheel independent, the overall
effectiveness provided by the wheel-terrain contact is con-
sidered. Here, we ignored the influence of air resistance,
so the acceleration provided to the vehicle by wheel-terrain
interaction can be expressed as [30].

sjéc = [S)'C‘c Sj}c SZC]
_[Fu—Fx—F Fy—Fy on
mp, My,

The vehicle can rotate around any axis at ¢,,rad/s. From
Fig. 3 (b), the accelerations of the COG along any axis in the
frame OrXgrYrZg can be obtained as

S X X rox r
ra. ray a, 8x
s _ s Y _ y r r
e = | rac | = | rac | + a)ép - 8y
S .z z r
rde rae 0 o
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rjéc - r)')c‘ém a)ép rgx
= | "Ve+ " XcPm |+ a)ép - "8 (22)
"Ze 0 "8

Meanwhile, the accelerations of the COG along any axis in
the frame Op Xps YarZy can be given as

_i,,a’c‘ na "ay, e
mlc = | nac | = | na |+ | "al, "8y
K I I 5 I A O
"X — mj’cQ?m a)é,: Mgy
= | "Ve+"kem | + a)ép — | "8y (23)
L mZ¢ 0 ng

2) VEHICLE-MANIPULATOR INTERACTION

In this paper, we utilize the relationship between the force and
moment where the vehicle exerts on the onboard manipulator
and the force and moment where the onboard manipulator
1-th joint exerts on the vehicle are mutual action and reac-
tion. The Newton-Euler method [31] is employed to estab-
lish the dynamic equation of the onboard manipulator and
solve the force and torque of the onboard manipulator exerts
on the vehicle. Il{ere we show the final results as

Mark w; = | ¥ |, we can obtain
n

i

wi=MX;+Hi+ T wi 24
where
- mI ml/\
Ml' =| .;A3i,\ illtpc]
L —MiiPePe ite
=i
X; = ivf.cg}
L @
r mi - ;a) X (iw X EPC)
H;=| i i Nis i i i
[+l x (10 x ) e+ 0 i o
4 I 0
C o[ R } (25)
i+1 __;+1R;pc §+1R

where ﬁ:w, ﬁw and 51'16 can be obtained by Eq. (7), (8) and (11).
Take the 6 DOFs (degree of freedom) manipulator (i.e. i = 6)
as an example, and the force and moment numbered 7 is
the force and moment acting on the endpoint of the onboard
manipulator, i.e.

7 tip . . . . . .
w7 = [zfl ] — |: tip{l :| — [ npfx ttpfy ttpfz tlpnx tzpny ttpnz ]
(26)

which consists of two parts: the load gravity and inertia force
and torque including the wrist mechanism and the force and
torque subject to the environment.

From Eq. (17), wican be obtained by this recursive com-
putation till i = 1. The reaction wrench where the onboard
manipulator act on the vehicle is expressed as —wj.

wi=wi +"wi+Sw 27)
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where

n
iwl =M X1 +T 12 MxX>+ ... +1_[T,‘_1’,'Man

i=1

n
== ZTn—l,anXn

i=1

n
Yw, = H, +T12H2+T12T23H2+---+1_[Ti—1,iH2

i=1
n
= Z Tn—l,lHn
i=1

n+1
Twi =[] Ticr.war1 (28)

i=1

Ill. IMPROVED TIP-OVER MOMENT STABILITY MEASURE
In this section, we derive an ITOMSC for wheeled mobile
manipulators with consideration of wheel-terrain and vehicle-
manipulator interactions. Fig. 4 depicts the various forces and
torques exerting on the mobile platform. The large ellipse rep-
resents the projection of the mobile platform on the ground.
The force and torque exerted on the mobile platform con-
sist of two parts, the force, and torque where the onboard
manipulator exerted on the mobile platform and the force
and torque generated by the wheel-terrain interaction. Based
on the relationship between the force and torque (Fg and
M) where the onboard manipulator exerted on the mobile
platform and the binding force and torque (w3) where the
mobile platform exerted on the onboard manipulator 1-th
joint, the former one adopts the Newton-Euler method.

—w1 = [Fr Mg]". (29)

Tip-over aix

FIGURE 4. Forces and moments on a mobile platform.

While, for simplicity, the latter one provides acceleration
a. to the WMM, which provides traction in both the x and
y directions. The influence of the acceleration generated by
the wheel-terrain interaction on the onboard manipulator has
been considered in the dynamic modeling, by setting the
initial acceleration of the onboard manipulator 1-th joint, i.e.
8(1 = ja.. Where ja, can be calculated by Eq. (22). There-
fore, only the influence of the acceleration generated by the
wheel-terrain interaction on the vehicle is considered here.

VOLUME 7, 2019

The acceleration is equivalent to the COM of the mobile

platform (Pp),ie. [ax ay 0] = [hal hal 0], as shown

in Fig. 4, where 5,a’ and },a; can be obtained by Eq. (23).
Considering all the forces and moments mentioned above,

the TOM on the TOA 0;;+1 can be calculated as

TOM ;i1 = MR - 0jiy1 + (Tiiy1 X Frz) - 0ii1 +Mpg - 04i41
+ (mjir 1 x Gy) 0411 (30)

the first item in the right of Eq. (30) is the projection of
the moment where the onboard manipulator exerted on the
mobile platform on the TOA. The second item is the moment
of the force component in the Zy direction where the onboard
manipulator exerted on the mobile platform on the TOA. The
third item is the projection of the moment where the ground
exerted on the mobile platform on the TOA. The last item is
the moment of the force component in the Zy; direction where
the ground exerted on the mobile platform on the TOA.

If tipping occurs, the robot will tip over along the TOA
formed by two adjacent wheels. Where 0;;+| represents a unit
vector for the TOA, which can be obtained by the coordinates

of two adjacent wheel-terrain contact points ("p;, "p;, ), i.e.

0iiy1 = piv1 = "P)/"Piv1 — "Pil €1y

rii+1 represents an orthogonal vector from point Og to the
TOA 0i+1. mji+1 represents an orthogonal vector from point
Oy to the TOA 0i+1. According to the dynamic method
of the rigid body translation, the moments of the onboard
manipulator and the mobile platform relative to the TOA
"p;"p;y onthe corresponding coordinate system is calculated
respectively. When the mobile platform performs the acceler-
ation or deceleration, the force and torque where the onboard
manipulator exerted on the mobile platform are

Fr = [FrX Fry FrZ]T
—['Fx  'Fy ]FZ]T
Mg =[Mx —Fyy -dy My +Fx -dzs

Mz]" (32)

similarly, the force and torque generated by the wheel-terrain
interaction on the mobile platform can be written as
T
FM:[FmX Fy FmY]
= [mM’”aﬁ — Gysin® my"a: Gpreos ]T
My = [my"ae - "Ze (my™a — Gysind) - "Zpe 0]
(33)

a

The contact points of the mobile platform and the ground
are sequentially connected in a counterclockwise direction to
form a polygonal convex hull. If the side length of the convex
hull regarded as the rotation axis, the overturning moment can
be obtained. By comparing the magnitude of the overturning
moment of each of the tilting axes, the maximum overturning
moment TOM,,,4, is obtained. TOM,,,, represents the max-
imum overturning moment sustained by the system on the
tilting axis corresponding to the value. If the value of TOM,,,

67637



IEEE Access

X. Ding et al.: Online Dynamic Tip-Over Avoidance for a Wheeled Mobile Manipulator

is positive, the system is tipping over. While, if negative,
the system is stable with a TOM margin |TOM |.

This criterion may significantly differ from ZMP, FA, and
MHS. ZMP obtains the point where the reaction force acts
on the ground, thus obtaining the boundary where the force
cannot cross, making the system stable. FA uses the angle
between the resultant force which exerting on the ground
COM and a particular vector to describe the system’s sta-
bility. MHS estimates the stability of the system by calcu-
lating the inertia of the robot on each axis of the supporting
polygon. These measurement methods evaluate the stability
with an indicator [32], while in ITOMSC the moment is
used to describe the stability. The criterion is sensitive to the
TOM, easy-to-compute, easy-implementing and suitable for
wheeled robot systems that are running on any terrain and
subjected to centrifugal force, inertial force and other external
forces.

IV. ONLINE TIP-OVER AVOIDANCE ALGORITHM

We predict the tip-over stability of the mobile manipulator
by using ITOMSC, i.e., when |TOM4x| — O witht — T
(T represents a period of time), the wheel at these points
can be off the ground, and tipping instability can also occur.
Here, zero supporting forces are considered to be the criti-
cal tip-over stable state. In this case, the robot may topple
down subject to a small disturbance force. So, the TOM,,,«
should be negative enough. If TOM,,,, << O witht — T,
the system will be more stable. For simplification of tip-over
avoidance, the Eq. (23) can be rewritten as

TOM i | = TOM ;p; + ATOM ;i (34)

where ATOM i1 = [ ATOM}, | ATOM; , ATOM] ],
TOM ) is a moment in the robot optimal configuration
which the values of TOM on all tip-over axes are similar.
ATOM; |, ATOM;? 41 and ATOM;; 1 represent the change
of TOM caused by TOM transfer due to the COG offset,
the centrifugal forces, the inertial forces, as well as the exter-
nal forces.

From the above analysis of tip-over stability, it is hard to
get an explicit expression for the TOM at the selected TOA.
Here, an online tip-over avoidance algorithm is proposed by
minimizing the TOM transfer to balance the TOM distribu-
tion on each TOA. As the most stable situation corresponds to
even TOM distribution on all the tip-over axes, i.e., without
any TOM transfers. Therefore, the robot should be adjusted to
meet TOM i1 — TOM ,, thatis ATOMS; | +ATOM;; | +
ATOM;: o 0 as t — oo. Furthermore, the tip-over

avoidance optimization function can be obtained as

n
1
0 =) 5 IATOM; 115 (35)

i=1

To improve the tip-over stability of the wheeled mobile
manipulator, the pose of the onboard manipulator can be reg-
ulated to balance the TOM distribution. Also, the velocity of
the wheeled mobile platform can change to balance the TOM
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Algorithm 1 Tip-Over Prediction and Avoidance
Input: 6,,, m,,, my, dy, " Zpe, a, TOM |, TOM>,
Zl'imw(i = 1_- ..6), Enow .

Output: g, ,(i = 1...6), &pexr

1:  While not The task complete

2: if Tip-over detection cycle arrival

3 if The ground can provide enough tractive force
4. Calculating F,z, M,x, My, a and Gy

5: Calculate the TOM and the TOM,

6.

7

8

i 5]
Qnow> Dnow»

if max{TOM} < TOM,
if {TOM} > TOM,
Calculating the optimization function

1 n
0 =5 IATOM;is ]

i=1

9: if The manipulator in the optimal
configuration
10: Changing the wheeled mobile platform’s
velocity by
£ r do
= —kn
11: else Adjusting the onboard Manipulator

according to

. do
qi ki 9
12: end if
13: else Continue the task
14: end if
15: else Reporting error, sending stop request
and exit
16: end if
17: else Reporting error, sending stop request and
exit
18: end if
19:  else Continue the task
20:  endif

21: end while

distribution either. Therefore, an online tip-over avoidance
algorithm can be defined by

. k‘aa

7= "9

L (36)
=

where k; > 0, k,, = [kx ky kz],kx >0,k >0,k >0
are constants, 6; € [0, 2], and the physical limits should not
be surpassed, i.e., ¢; € (¢imin» ¢imax)> ¢i € (Gimins Jimax)s

é = [mjcm "Ym md’m ]T7é € (émina émax)-
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The tip-over avoidance algorithm described in Eq. (36)
and (36) should be triggered when necessary. In addition,
the robot movement must be stopped under the situation
which the pose of onboard manipulator adjustment or the
vehicle velocity change is not enough to restore the rollover
stability. Furthermore, if tip-over stability can be restored
by regulating the onboard manipulator, the velocity of the
wheeled mobile platform should not be changed to maintain
good traction. Thus, an online tip-over prediction and avoid-
ance algorithm is proposed, given in Algorithm 1. In applica-
tions, the robot may be affected by measurement errors and
uncertainty disturbances. Therefore, in order to make sure
that the robot is terminated before overturn and the algorithm
is triggered when necessary, margins (TOM| and TOM »)
should be added to the ITOMSC respectively.

V. SIMULATION AND EXPERIMENTALS
A. SIMULATION SETUP AND RESULTS
1) SIMULATION SETUP
In order to verify the correctness and feasibility of the
presented wheel-terrain and vehicle-manipulator interaction
analysis method and the proposed tip-over avoidance algo-
rithm, simulations have been carried out on a WMM,
which is consisted of a 6-DOF onboard manipulator and a
four-wheeled vehicle, as shown in Fig.1. The robot’s design
parameters are shown in Table 1. Simulations were conducted
for four different cases which the time interval is set to be ¢ €
[0, 2] s, the incline angle of the ground 6, is set to be equal
to zero, and a 1-kg payload is selected to the end-effector.
Case 1 is used to verify wheel-terrain interaction. The
vehicle is controlled to follow a straight line, which is deter-
mined by ™x, = 0.04A¢, with different acceleration by
changing A. The feedback velocity of the vehicle with respect
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TABLE 1. Design parameters for the robot.

Parameters Values Parameters  Values
L(mm) 51000  m,(kg) 153.80
d, (mm) 475.00  m, (kg) 51.00
d,,(mm) 200.00  my(kg) 10.44
d,, (mm) 20000  m(kg) 15.66
d,, (mm) 385.00  m,(kg) 9.61
d.,(mm) 303.84  my(kg) 10.14
"Z,.(mm) 23500 m(kg) 485
TOM,(Nm)  -1000  mj(kg) 0.16
TOM,(Nm)  -600.00 m(kg) 0.08
R(mm) 101.60

to the frame Ow Xw YwZw can be calculated by Eq. (12). The
onboard manipulator is in the initial configuration which is
qo=[n/127/2 -27/307/60]".

Case 2 is used to verify the vehicle-manipulator interac-
tion. The vehicle is controlled to follow a straight line, which
is determined by "x,, = 0.1. The onboard manipulator is
controlled to follow a circle, which is described by "x, =
0.1 +0.05sin (7rt/2), "y, = 0.1 —0.05cos (¢/2) and "z, =
0.27. The end feedback position of the onboard manipulator
with respect to the frame Ow Xw YwZw can be obtained by
Eq. (6), the end feedback velocity of the onboard manipulator
with respect to the frame OwXw YwZw can be gained by
Eq. (13). Besides, the incline angle of the ground 6,, is set
to be 5° to demonstrate the vehicle-manipulator interactions
when negotiating slope.
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FIGURE 6. Simulation results. (a) TOM, case 3, scheme 1. (b) TOM transfer, case 3, scheme 1. (c) Supporting force, case 3, scheme 1. (d) TOM, case 3,
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case 3,4, scheme 1-3.

Case 3 is used to test the tip-over avoidance algorithm by
adjusting the onboard manipulator. The vehicle is controlled
to follow a straight line, which is determined by "X,
0.1, and the onboard manipulator is adjusted by the tip-over
avoidance algorithm obtained in Eq. (36).

Case 4 is used to test the tip-over avoidance algorithm
by changing the velocity of the vehicle. Under the condition
of case 3, the vehicle velocity & is changed by the tip-over
avoidance algorithm given by Eq. (36).

Simulations are made for three different schemes for each
case: in scheme 1, the onboard manipulator remained in the
initial configuration. In scheme 2, the onboard manipula-
tor is adjusted by the tip-over avoidance algorithm given
in Eq. (36). In scheme 3, the velocity of the vehicle is
changed according to the tip-over avoidance algorithm given
in Eq. (36). The joint limits are set to be g1 € [—m, 7]
and ¢; € [-2/37,+2/37](i=2,3,...,6). Moreover,
the limit of each joint angular velocity is set to be ¢; €
[—2, +2] rad /s. The limit of the vehicle velocity is set to
be é € ([~0.4 —04 -0.8]".[0.40408] ) m/srad/s.
Furthermore, the coefficient of rolling friction is selected to
be uxy = uy = 0.02. The constants in scheme 2 are selected
ask; =1 x 1074 (i=1,2...,6) the constants in scheme 3
are selected as k,, = [0.2 0.2 0.6 ].
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2) SIMULATION RESULTS AND DISCUSSION

Simulation results for the wheel-terrain and the vehicle-
manipulator interactions are presented in Fig.5. Once the
terrain is determined, the wheel-terrain interaction provides
different traction forces for the vehicle, which is the different
accelerations, will affect the TOM.

Fig. 5(a) shows the change of the TOM of the TOA|;
under different accelerations. The TOM increases with the
increase of the acceleration, and the WMM tends to be
unstable. Compared with literature [21], the wheel-terrain
interaction cannot be ignored because the TOM values vary
from —413 to —406 when A increases from 0 to 0.2. As shown
in table 2, variables n and N represent the number of support
polygon vertices and DOF of the onboard manipulator in the
measuring as mentioned above methods respectively. Then,
when n = 4 and N = 6 in such system depicted in Fig. 1,
it can indicate that ITOMSC algorithm shows better timeli-
ness. Furthermore, comparing Fig. 5(c) with (b), the vehicle
motor output torque is affected according to the vehicle-
manipulator interactions, which are caused by the movement
of the onboard manipulator, as shown in Fig. 5(g) and (h).
This reveals the effect of the onboard manipulator on the vehi-
cle during vehicle-manipulator interactions. Fig. 5(d) and (e)
demonstrate how the onboard manipulator joint drive torque
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TABLE 2. The computational complexity of different measures [17].

Dynamic Stability Measure  Multiplications  Additions
Energy based 91n 54n
Force-Angle 76n+4 52n+2
MHS 17n+35N+13 13n+24N+5
ITOM 18n 12n+3

TABLE 3. Performance evaluation for simulation results.

Case | Scheme | AITOM|max | TOMpax Stable?
3 1 14.29 -412.98 yes
3 2 7.22 -420.05 yes

4.39 -422.88 yes

(taking the second joint as an example) are affected according
to the vehicle-manipulator interactions, which are caused by
the vehicle velocity change (linear velocity v, or angular
velocity w;). Also, it is affected by the change of the incline
angle to the ground 6,,, which is shown in Fig. 5(f). While the
torque T increases with v, and decreases with w; or 6,,. This
illustrated the effect of the vehicle on the onboard manipula-
tor during vehicle-manipulator interactions. The joint angles
and joint angular velocities of the onboard manipulator in the
motion process are shown in Fig. 5(g) and (h).

The simulation results for the tip-over avoidance algo-
rithm with adjusting the pose of the onboard manipula-
tor or change the vehicle velocity are presented in Fig. 6.
Fig. 6 (a), (d) and (i) represent the TOM for the three dif-
ferent schemes with four different TOA. Fig.6(b), (e) and (j)
represent the TOM transfers for three different schemes
with four different TOA. Supporting forces are illustrated
in Fig. 6 (c), (f) and (k), respectively. Comparing Fig. 6(c)
with (f), it can be seen that the supporting forces of the four
wheels become closer, i.e., the stability is improved. The
phenomenon can also be seen from TOM or TOM transfers
either. The joint angles and joint angular velocities of the
onboard manipulator in the motion process in scheme 2 are
shown in Fig. 6(g) and (h). The square root of the optimization
function, i.e., /o (The smaller the value, the more stable the
system is), which represents TOM transfers, is compared with
the three different schemes, as shown in Fig. 6(1). It shows that
stability can be improved by adjusting the pose of the onboard
manipulator. Moreover, owing to changing its velocity while
adjusting the onboard manipulator, the vehicle can show
better stability.

The maximum TOM, the maximum TOM transfer, and the
robot tip-over stability are compared in Table 3 for three dif-
ferent schemes with two different cases. N; denotes the sam-
pling numbers and o (;) represents the optimization function
at the time instant #;. From Table 3, it can be observed that the
TOM,qy, the A|TOM,,,,,| and the /o are obviously reduced
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by comparing three different schemes. From Fig. 8(a)-(1)
and Table 3, the proposed tip-over avoidance algorithm can
effectively to balance the TOM distribution, and the stability
of the robot has been obviously improved.

The simulation results for case 1 and case 2 demonstrate
that the robot may keep stable without optimum configu-
ration, i.e. the tip-over avoidance algorithm should be trig-
gered when necessary. Furthermore, the simulation results of
case 3 and case 4 give an example of applying the algorithm
to avoid tip-overs.

B. EXPERIMENTAL RESULTS

1) EXPERIMENTAL SETUP FOR THE WMM

The experimental photo and the composition of control
system are shown in Fig. 7. An attitude sensor (model
BWT901CL) was employed to measure the rolling angle of
the body which mounted on the vehicle body. The hall current
sensors (model HBC-LSP-6) were used to measure the driv-
ing current of the vehicle wheels. The vehicle controlled by
a microprocessor (model STM32F407ZGT6) with pc/os 111
operating system. The manipulator (model Staubli TX60)
controlled by a real-time operating system (RTOS). In addi-
tion, RTX3.0 was used to build an RTOS on Windows, which
establish a real-time Ethernet (at a planning cycle of 1 ms)
using TCP protocols between the planning layer and the
control layer. LabVIEW was used to realize human-computer
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interaction, which exchanged data with RTX through shared
memory.

2) EXPERIMENTAL RESULTS AND DISCUSSION

In this section, and the proposed tip-over avoidance algo-
rithm by the presented tip-over prediction criterion will be
demonstrated through experiments on a WMM, as shown
in Fig. 7(a). The first experiment is designed to verify
the wheel-terrain and vehicle-manipulator interactions, and
the second experiment is designed to confirm the effective-
ness of the proposed tip-over avoidance algorithm by the
presented tip-over prediction criterion.

Figure 8(a) and (b) show the influence of the interaction
between the onboard manipulator and the vehicle on the vehi-
cle, which is represented by the output torque of the vehicle
(taking the first wheel as an example) and the rolling angle
of its body (vehicle fixed). We can see that the amplitude of
the output torque is suddenly changed with the movement of
the onboard manipulator at the time close to 1 s, and the body
has to shake obviously. Moreover, Fig. 8(c) and (d) show the
influence of the interaction between the onboard manipulator
and the vehicle on the manipulator, which is represented by
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the drive torque of the manipulator (taking the second joint
as an example) and the rolling angle of its body (manipulator
fixed). We can see that the vehicle accelerates starting at
time O s, its joint peak driving torque and body roll angle all
increase.

In the second experiment, the calculated TOM, TOM trans-
fer, and the measured body roll angle under the three schemes
are shown in Fig. 9(a)-(h). The moving onboard manipulator
was adjusted to the optimal steady state before recording, and
the current body roll angle was set to be 0°. Also, the triggered
and deactivated margins for tip-over prediction algorithm are
set as TOM», = —500 Nm, TOM| = —10 Nm.

The TOM calculation results under three schemes are
shown in Fig. 9(a), (c) and (e), respectively. The TOM on
the TOA1; and TOA»4 gradually reduced, while the TOM
on the TOA31 and TOA43 is gradually increased, which
reflected the tipping stability of the robot directly. The TOM
on the four tilting axes tends to be zero, and the mov-
ing onboard manipulator tends to be stable. The calculation
results of TOM transfer under the three schemes are shown
in Fig. 9(b), (d) and (f). The values of ATOA12, ATOA»4,
ATOA43, and ATOA3; of the four TOM transfer quantities
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tend to be zero. From Fig. 9(g), we can see that /o is 14.29 in
scheme 1, decay to 9.19 within 0.6 s in scheme 2 and decay
to 6.86 within 0.6 s in scheme 3. /o represents the proximity
of the current state of the mobile manipulator to the optimal
steady state, the smaller the value, the more stable the system,
and the recorded body roll angles under the three schemes are
as shown in Fig. 9(h). In scheme 1, the rolling angle fluctu-
ates around —0.04°. In scheme 2, the rolling angle reversely
changes to —0.066° at 0.22 s and then rises to 0 within 0.6 s.
In scheme 3, the rolling angle reversely changes to —0.081 at
0.18 s and then rises to 0 within 0.54 s. The short-term
instability phenomenon of schemes 2 and 3 is caused by the
sudden change of acceleration in the high-velocity movement
of the mobile manipulator, so it is not apparent at low velocity.
In general, since the mobile platform’s inertia of the mobile
manipulator is much larger than the onboard manipulator,
this transient instability phenomenon has little effect on the
stability of the robot. So the tip-over prediction algorithm
and the real-time prevention algorithm proposed in this paper
are effective, and the tipping-over stability of the robot is
significantly improved. Besides, when the ground angle 6, is
non-zero, the algorithm is also applicable to wheeled robots
negotiating slopes.

VI. CONCLUSION AND FUTURE WORK

The force interaction between wheel-terrain and vehicle-
manipulator has been analyzed by kinematics and force anal-
ysis of mobile manipulator, and an ITOMSC for a wheeled
mobile manipulator is presented. Newton-Euler method is
employed to calculate the reaction force and moment where
the onboard manipulator exerted on the vehicle, and vehicle
dynamics is used to calculate the reaction force and moment
where the ground acted on the vehicle. Tip-over stability
criteria are derived by judging the TOM calculated at the
different TOA. Comparing with FA, MHS, the criterion is
sensitive to the TOM, better timeliness (in Table 2) and
suitable for wheeled robot systems that are running on any
terrain and subjected to centrifugal force, inertial force and
other external forces. Moreover, based on the minimum TOM
transfer, a real-time tip-over avoidance algorithm is proposed
by adjusting the pose of the onboard manipulator or changing
the velocity of the vehicle. The proposed algorithm is simu-
lated and analyzed in MATLAB software, and it is also veri-
fied by some experiments on a four-wheel manipulator robot.
Simulation and experimental results indicate this proposed
algorithm can be used for tip-over predication and avoidance
of a wheeled mobile manipulator under a flat road even a
slope. And in future work, it’s expected this algorithm will
also be able to employed in the legged mobile robot.

NOMENCLATURES

L The length of the wheeled mobile platform

dyn  The width of the wheeled mobile platform

R The wheel radius of the wheeled mobile
platform
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nyy,

nmy
m;

i+1

W
Fend

tip f

The total mass of the wheeled mobile platform
includes the onboard manipulator controller
The total mass of the onboard manipulator
The onboard manipulator i-th joint mass,
i=1-6

The rotation angle of the mobile platform

in the z-direction

The incline angle of the ground

The length of the onboard manipulator i-th
link,i=1-6

The velocity of vehicle j-th wheel, j =1 —4
The included angle between the line connecting
the origin Og and the origin Oy in

the x-direction

The angle between the roller shaft and

body shaft

Jacobi matrix of the mobile platform,

Jm c R3X4

Jacobi matrix of the onboard manipulator,

Jr e R6><6

Jacobi matrix of the mobile manipulator,

J, € ROx10

Rolling resistance in the x direction and y
direction

The WMM air resistance in the x-direction
and y direction

The WMM horizontal component of gravity
The WMM acceleration resistance in the
x-direction and y-direction

The coefficient of x-direction and y-direction
rolling friction

The angle between the Z- and the Z+1 axes
measured in the right-hand sense about X;
The distance between the Z; and the Z+1 axes,
measured along X;

The angle between the )A(i and the )A(H 1 axes,
measured in the right-hand sense about Z-+ 1
The distance between the )A(,- and the )A(,-H axes,
measured along Z+1

The linear acceleration of i-link of the
manipulator with respect to the framei

The linear acceleration of i-link of the
manipulator at COF with respect to the framei
The rotation matrix of i-link of the manipulator
with respect to the frame i 4 1

The rotating shaft of the mobile manipulator
joint i+ 1

The position of the end of the mobile
manipulator

with respect to the frame Ow Xw Yw Zw

End velocity of the onboard manipulator with
respect to frame Ow Xw Yw Zw

External force exert on end of the onboard
manipulator
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External torque exert on end of the onboard
manipulator

The y-direction offset of the ICR with
respect to OrRXrYrZr

The x-direction offset of the ICR with
respect to OrRXgrYrZr

The generalized mass matrix of the link i
of the onboard manipulator

The cross-term matrix of the link i of

the onboard manipulator including centripetal

force and gyro torque

The linear acceleration and angular
acceleration vectors of the link i

of the onboard manipulator

The position vector of the link’s COM of
the onboard manipulator

The inertia tensor of the link/of the onboard
manipulator

The force and torque caused by the onboard
manipulator ’s gravity, angular acceleration
The constraint force and torque caused by
the onboard manipulator ’s angular velocity
The constraint force and torque caused by
the environment.

The torques where the onboard manipulator
exerted on the mobile platform

The forces where the onboard manipulator
exerted on the mobile platform

The torques of wheel-train interaction on the
mobile platform

The mobile platform gravity

The onboard manipulator gravity

The component of the constraint force act
on the 1-th joint of the onboard manipulator
in x, y and zdirections

The component of the constraint torque act
on the 1-th joint of the onboard manipulator
in x, y and zdirections

The TOM on the TOA 0;i41

TOM value under a optimal configuration
The maximum TOM sustained on the TOA
The upper limit of TOM’s work

The lower limit of TOM’s work
Optimization function for avoiding tipping
The angular velocity of the onboard
manipulator jointi-th

The angular accelation of the onboard
manipulator jointi-th

The motion velocity of the wheeled

mobile platform

The x-direction velocity of the wheeled
mobile platform in the frame Xj; O Yis
The y-direction velocity of the wheeled
mobile platform in the frame Xj; Oy Yy
The rotation velocity of the wheeled

mobile platform in the frame Xjs Oy Yy

TOA;;
o (1)

The weight coefficient of the onboard
manipulator jointi-th

The weight coefficient of the mobile
platform

The weight coefficient of the x-direction
motion of the mobile platform

The weight coefficient of the y-direction
motion of the mobile platform

The weight coefficient of thez-direction
rotation of the mobile platform

The total number of TOM sampling points
The number of support polygon vertices
The number of DOF of the onboard
manipulator

The TOA formed by wheel i and wheel j
The optimization function at the time
instant ¢;
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