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Abstract: This study addresses the transportation of large objects using a leader—assistant robot system. The transport strategy involves

three phases: first, the robots couple with the object; second, they move to the goal position; and third, the robots decouple from the

object. In previous studies, we examined the coupling and decoupling configurations of the first and third phases and presented a

kinematic control method for the second phase. In this study, we considered the dynamics of a leader—assistant system and investigated

a dynamic path-tracking control method. To this end, we initially formulated a dynamic equation in terms of the position and orientation

of the object (control target) without the interaction force terms between the object and n number of robots, which allows us to handle

the leader—assistant system like a single robot for object manipulation. Subsequently, a straight-line path tracking control method using

a dynamic equation was presented. Through simulations, it was verified that the dynamic path-tracking control method is effective for

leader—assistant systems.
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1. Introduction

The development of the transportation and robotics industries
gives rise to an urgent need for automatic transport methods to
replace manual handling. Related studies [1]-[8] have demon-
strated that cooperative object transportation using multiple mo-
bile robots is efficient.

Burghardt et al. [1] proposed two wheeled mobile robots phys-
ically connected to an object to transport large cargo. Inglett and
Rodriguez-Seda [2] used a pair of mobile robots to push and ma-
nipulate objects. However, these methods can only handle spe-
cific shapes and limited quantities of objects, rendering transport
inefficient.

To address these disadvantages, Huang and Zhang [3] intro-
duced a method that uses a ball-string-ball structure to link ro-
bots to encircle an object. Hunte and Yi [4] proposed a method
that uses multiple mobile robots with a pallet structure to
transport an object. These methods can transport more than one
object simultaneously; however, collisions between objects can
occur, and precise control of the object’s position and orientation

is difficult.

Wada et al. [5][6] proposed multiple mobile robots with actu-
ators coupled to the bottom of an object. This method achieves
the omnidirectional movement of an object and precise control
of its position and orientation.

Caging strategies and formation robots have been proposed to
handle large and heavy loads. Alkilabi et al. [7] achieved object
control with multiple robots through a caging strategy, and Rang-
sichamras et al. [8] proposed a method with a leader—follower
formation system to transport objects linked to robots with actu-
ators.

This study deals with object transportation using a leader—assistant
system in which the leader guides the object to track a given path,
whereas the assistants are the remaining robots that provide the force
to move the target object. Unlike related studies, this system does not
require an additional actuator for coupling the robots and object.

The transport strategy is divided into three phases. First, the
robots couple with the object, subsequently move to a goal posi-

tion by tracking a given path, and finally decouple from the
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Figure 1: Object transportation procedure using multiple mobile robots.

object, as shown in Figure 1. Previously, we examined the cou-
pling and decoupling configurations of an object and robots in
the first and third phases, in which the robots could couple/de-
couple with/from an object without any actuators [9]. Following
this, we presented a kinematic control method for the second
phase that transports an object along given paths [10].

In this study, we focused on the dynamics of a leader—assistant
system and investigated a dynamic path-tracking control method.
For this purpose, we first formulated a dynamic equation ex-
pressed in terms of the position and orientation of the object (con-
trol target). Considering the velocity constraints at the coupling
points, we can eliminate the interaction force terms between the
object and robots from the dynamic equation. The resultant dy-
namic equation allows us to handle a leader—assistant system like
a single robot for the manipulation of the object. Subsequently, a
straight-line path tracking control method using a dynamic equa-
tion was presented.

Additionally, the leader can be switched to an assistant in cer-
tain situations. For example, if the object needs to be moved in
the backward direction, that is, on the opposite side of the leader,
leader switching is preferable because not all robots need to turn
around for backward movement. We present an example of this
through a simulation.

The remainder of this paper is organized as follows. Section 2
formulates the dynamic equation of the leader—assistant system,
and Section 3 presents the path-tracking control method using the
dynamic equation. Section 4 presents the simulations performed

and their results.

2. Dynamic Model of the Leader—Assistant
System

In this section, we first present the dynamic equations of the
robot and object, and then formulate the combined dynamic
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Figure 2: Mobile robot with a coupling mechanism.

equation of the leader—assistant system. Let m,; be the mass of
the i-th robot, w,; be the angular velocity of the i-th robot, I,,- be
the moment of inertia of the z-axis of the i-th robot, v,.; = (v,
Vriy)T€ R% and w,; be the linear and angular velocities of the i-
th robot, respectively, and f,; = (frix friy)T€ R* and 7,; be the

forces and moment exerted by the i-th robot, respectively. The

dynamic equation of the i-th robot can be expressed as follows:

Mrini + iV = Fry, 1)

my; 0 0
where M,; = ( 0 my; O ) € R332 js the inertia matrix,
0

0 Iy
0 —Myiwy; 0

Cpi = (m”.w”. 0 0) € R3*3is the Coriolis matrix,
0 0 0

vy .
V= (wrf) €R3, and F; = ({:l‘) € R3. From Figure 2, F;

Tt

can be obtained as follows:

= ()= () -0 ) (), @

Tri L —-L
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where fg; and f;; are the linear forces generated by the right and
left wheels, respectively.

Similarly, considering an object moved by the robots, the dy-
namic equation for the object can be expressed as follows:

MoVo +CoVp = Fy, (3)

m, 0 0
where M, = < 0 m, O ) € K33 s the inertia matrix,
0 0 I,

0 -myw, 0
C, = (mowo 0 0> € R3*3 is the Coriolis matrix,
0 0 0

_ vO 3 _ UOX 2 - aye
V, = (wo) E R, v, = (on) € R* is the linear velocities, w,

is the angular velocity, F, = (j;") € R3 is the forces and mo-
[

ment generated by the robots, f, = (;

"x) € R?, m, is the mass,
oy
and I, is the moment of inertia of z-axis.

To combine the two dynamic equations formulated above, we
considered the interaction forces between the object and robot.
Let r; € R? be the position vector from the object’s center of
mass to the coupling point, 72; € R? be the position vector from
the i-th robot’s center of mass to the coupling point, and f; €
R? be the force exerted at the coupling point. All position vectors
are expressed with respect to the body frame attached to the ob-
ject. As shown in Figure 3, considering n number of robots and
an object, the force and moment relationships between the robots

and object are given by

fo= ?:1 fei 4
To = ?:1 riTEchi (5)
fri= fe (6)
i =1 BT f @)

From Equations (4)-(7), Equations (1) and (3) can be rewrit-
ten as follows:

MAVS + CAVS = REy = B firi ®)
MoVo + GV, = BOTfC 9)
where

My; = RMyR”, Cf; = R(Cri — My RTR)RT, V), = RV,

I

T 2
Br(')i _—< gi'[‘ T) S 9?3”,
12 12

T _ 3x2n
Bo - (rlTET TnTET) € m '
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fa
fC=< s >e§R2“,
an

E is the orthogonal rotation matrix rotating an arbitrary vector

counterclockwise by an angle of 90° in a plane and is given as

_(0 -1
E=(] ) (10)
and
cos (8%) —sin(6%) 0
R =R(97) = sin ©%) cos(8%) O (11)
0 0 1

where 8% = 6,; — 6,, 6,; and 8, are the heading angles of the i-th
robot and the object, respectively, and R(8Y,) is the rotation matrix
rotating by an angle of 8%;. Equation (8) can be generalized for n

robots, as follows:
MRV + CRV;° = R F. — BY' ., (12)

where
M2=blockdiag(M?,
CP=blockdiag(C?;

B?" = blockdiag(B2,"
R, = blockdiag(R (62,

01
Vro=<?>em3n’
V4

F
E = i |en®.
Frn

Combining Equations (9) and (12), we have

M"t_)n) € §R3n><3n’
ern) € ER3‘rl><3‘nl
Br(')nT) IS §R3n><2n ,
R(67,)) € RO,

MV + CV = TE+BTf,, (13)

where
M=blockdiag(M, M?,
C=blockdiag(C, C?;

Vo
V‘rol

M;")n) € 5R(3+3n)><(3+3n)
Cﬁn) € m(3+3n)><(3+3n)
V= € m3+3n
/4

03><3n c m(3+3n)><3n

r= (blockdiag(R(Qﬁ’l R(Gﬂn)))

B,
T — o (3+3n)x2n
B (_ Br") €R :

and Ozx3p, IS @ 3 X 3n zero matrix.
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Figure 4: Velocity relationships between the robots and the
object.

Here, we consider the velocity constraints at the coupling points
to eliminate the coupling force f. in Equation (13). As shown in
Figure 4, because the velocities at the coupling points v;, produced

by the robots and the object, are the same, we obtain

B,V, = BV,°, (14)
which can be rewritten as

BV =0. (15)

The control target is the position and orientation of the object,
that is, V,. We can select I/, as an independent variable as fol-

lows:

V=NV, (16)

— (B_;)zBo) € m(3+3n)><3 (17)

where I is a 3 X 3 identity matrix, Br"# is the pseudo-inverse of
B?,and B = (B, —B?) € R¥™<(3+3n) Differentiating Equa-

tion (16) with respect to time yields:
V = NV, + NV, (18)
Multiplying NT to both sides of Equation (13) and consider-
ing Equations (15), (16), and (18), the dynamic equation of the

independent variable 17, can be obtained as

MV, + CV, = NTTE,, (19)
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Figure 5: Straight-line path tracking.

where M= NTMN € %33 and C= NT(CN + MN) € R>3,
Note that this dynamic equation does not have a coupling force
term and allows us to handle a leader—assistant system like a sin-

gle robot.

3. Path-Tracking Control

The objective of the path-tracking control is to make the heading
angle error of the leader and the position error of the object zero.
From Figure 5, the position error of the object can be obtained

as
ph = (i) = K" W) @0 — by (20)

where p,, and p,, are the position vectors pointing the object and
the origin of the xp—yp frame (path frame) from the origin of the
x-y frame, respectively, ph=(yx ny)T is the position vector of the
object with respect to the path frame, 1, is the angle between the
xp-axis and the x-axis, and R(3,) € R**? is a rotation matrix.
The orientation error of the leader against the path angle 1, can

also be yielded as
My = (Op, —m) — Yy (21)

Our control purpose is to ensure that the position error n,, and
orientation error 1, approach zero. To achieve this, the desired

velocities and heading rate of the leader can be given by

VrqCOS (6rL)
=| vrasin(Br.) |, (22)

VRL
)
_k171y - kznzp

Ve, = (w RL
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where vg;, and wgy, are the desired linear and angular velocities
of the leader, respectively, v, is the desired speed of the leader,
Og, is the heading angle of the leader, and ki and k: are the con-
trol gains. These values are expressed with respect to the x-y
frame.

Let Vo4 € R3 be the desired velocity of the object generated by
the leader, and r, € R? and 1y, € R? be the position vectors
pointing to the relevant coupling point from the center of mass of
the object and the center of mass of the leader, respectively. The
desired linear and angular velocities of the object can then be ob-

tained as

Voa = (I, Ery)*(I; ETg )V, (23)

where (I, Er,)* is the pseudo-inverse of (I, Er;), and Vg,
and rg, are Vg, and ry, expressed with respect to the body frame
at the object.

Consequently, from Equation (19), the forces and moments
F,. that should be exerted by the robots for path-tracking control

are given by

F.=MKWVyq—Vy) + CVy, (24)
where 1 = (NTT)~*M € R3™3, € = (NTT)~1C € R3™3, and

K = diag(ku, kv, kr) is the control gain matrix.

4, Simulation

Table 1 lists the mass and moment of inertia of the robot and
object used in the simulations, and Figure 6 shows the sizes of
the object and robot. For the simulations, the control gains were set
to ki=1, k2=1.9, and ku= kv= kr=1000, and the desired moving speed
of the leader is viv=0.5 m/s. Two simulations were performed. One
was for tracking a given path consisting of three straight lines to
verify the proposed path-tracking control method, and the other
was for showcasing the switching of the leader to one of the as-
sistants for better object transportation.

Figure 7 shows the planned path for the simulation used to
verify the path-tracking control. The object was initially located
at the origin of the x—y frame and tracked three straight lines con-
sisting of waypoints {(xw1, Yw1), (Xwz, Yw2)}, {(Xw2, Yw2), (Xws,
yw3)}, and {(xws, yws), (Xw4, ywa)}. If the object falls within the
allowable error circle, the leader begins tracking the next straight

line. The allowable error circle is given by:

Table 1: Mass and moment of inertia of the object and robot

used in the simulation.

Object Robot
Mass 10 kg 5 kg
Moment of inertia | 1.667 kgm? 0.208 kgm?
O..25 m
T ism 7 osm
Robot
1.7m ~{Robot
Robot x Coupling mechanism

Figure 6: Size of the object and robot used in the simulation.

y
A
allowable error circle
f reference path
17 i\
(Xwaryws) /
(XwarYwa)
2 - i (XWZ)yWZ)

D (onYw) »X
BLG 17 R
object initial position

Figure 7: Planned path for the simulation to verify the path-
tracking control method.

(6 — xwi)2 + o — ywi)2 < rezn (25)

where po=(Xo, Yo)" is the position of the object and 7, is the radius of
the allowable error circle.

Figure 8 shows the simulation results for tracking the path shown
in Figure 7. The initial posture of the object is (0, 0) m and 6,=
00, that of the leader is (1.5, 0) m and 6, = 180°, that of assistant
lis (-1, 0.85) mand 6,.,=0°, that of assistant 2 is at (-1, -0.85) m
and 6,., = 0°, and the radius of allowable error circle is re=1.5 m.
The results show that the robots appropriately moved the object
along the given straight-line paths. Figure 9 shows the position and
heading errors during the simulation. The position error 7,, and the
heading angle error n,, approach zero. Through this simulation,
we verified the effectiveness of the proposed path-tracking con-

trol method for leader—assistant systems.
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Figure 8: Simulation result of tracking the straight-line paths

given in Figure 7.
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Figure 9: Position and heading errors, 17,, and 7, during the

simulation in Figure 8.

Figure 10 shows the planned path used to demonstrate leader
switching. The control sequence is as follows: the object is ini-
tially located at the origin of the x—y frame; first, the object is
transported along the straight-line path comprising waypoints
{(xw1, yw1), (Xwz, Yw2)}; second, the leader is switched to one of
the assistants, and the object is transported along the straight-line
path consisting of {(Xwz, Yw2), (Xws, Yws)}; finally, the leader is
switched to one of the assistants, and the object is transported
along the straight-line path consisting of {(xws, yws), (Xw4, yw4)}.

Figure 11 shows the simulation results. The initial posture of
the object is (0, 0) m and 8, = 0°, that of the leader is (1.5, 0) m
and 8, = 1800, that of assistant 1 is (-1, 0.85) m and 6,.,= 0°, that
of assistant 2 is (-1, -0.85) m and 6,, = 0°, and the allowable error
circle is set to be re= 0.1 m to allow passage through the vertical

narrow corridor (the path consisting of {(xw3, yws), (Xw4, Ywa)}).
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Figure 10: Planned path for the simulation to verify leader

switching.

The path-tracking control performances are provided separately
for each straight-line path, as shown in Figures 11(a)—(c), where
Figure 11(d) shows the position history of the object for all
paths.

Leader switching occurs at the waypoints (xwz, ywz) and (Xws,
yws). If the object arrives at (xwz, ywz), assistant 1 becomes the
leader for backward motion. Subsequently, assistant 1 is switched
to the leader at (Xws, yws) to move to (Xw4, ywa). From the simula-
tion results, we can confirm that the proposed path-tracking con-
trol is effective even in the case of switching the leader to one of
the assistants. In addition, leader switching can prevent the un-
necessary rotation of all robots and be useful for complicated
paths. In addition, we can observe that the position error n,, and

the heading angle error iy, approach zero in Figure 12. In this

simulation, we selected the next leader intuitively just to show
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Figure 11: Simulation result for tracking the path given in Figure 10 ((a) to (c)).
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Figure 12: Position and heading errors, 1, and 7, during the

simulation in Figure 11.

the possibility of leader switching. The development of a detailed

selection rule will be included in our future work.

5. Conclusion

This study discusses the collaborative transport of large objects
using a leader—assistant system. We formulated a dynamic equation
for a leader—assistant system and proposed a straight-line path-track-
ing control method using the dynamic equation. Simulations verified
that the proposed path-tracking control method is effective and that
leader switching is useful for complicated paths. Our future work
will involve the development of a detailed leader-switching rule and

an experimental study.
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