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The work presents dynamics of a system of two wheeled mobile robots cooperating in the
transport of large-size cargo in the form of a beam. The purpose of modeling of such a
system was to obtain a mathematical model in an applicable form. Lagrange equations of
the second type were used to describe dynamics, and then the projective method was used
to eliminate Lagrange multipliers. Thanks to this approach, unknown dry friction forces at
the contact points of robot wheels with the ground were eliminated from the description,
and dynamics in controllable coordinates was obtained. In addition, the obtained model
has structural properties that enable its use in synthesis of a control system based on the
mathematical model.
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1. Introduction

A robot formation is a team of robots used to jointly perform a certain task. Robot formations
are used where a given task is so complex or difficult that a single robot cannot perform it on
its own. Such situations occur mainly in the case of large-size transport.

The construction of dynamical models of cooperating robots transporting an object is a
current topic as evidenced by publications (Alipour et al., 2019). The paper (Abbaspour et
al., 2015) presents a model of a system of three mobile robots connected by means of rotary
joints to a large transported plate. The presented mathematical description using Newton Euler
equations was applied in synthesis of the control algorithm.

Solutions to increase the implementation of wheeled robots in large-volume transport also
include tractor-trailer systems. The tractor is an active unit containing drives and controls, while
the trailer is a passive component articulated to the tractor. In modelling dynamical tasks of
such non-holonomic systems, approaches are used both with the assumption of motion without
any slip (Burghardt et al., 2020) and with the consideration of lateral and longitudinal wheel
slip (Alipour et al., 2019).

The model solutions proposed in the article assume, similarly to the mathematical model
of a single non-holonomic mobile robot, the lack of drive wheel slips. The modelling principles
under such assumptions can be found in (Dhaouadi and Hatab, 2013; Yun and Sarkar, 1998). It
should be noted that the assumption of rolling without any slip. The slip occurring is so small
that it can be neglected when the velocities are small and there is sufficient friction between
the wheels and the ground. It is clear that at higher speeds and accelerations and on a rough
or slippery ground, the “pure rolling” assumption will not apply. There is a number of research
papers explaining the effects of driving wheel slip and including descriptions of control algorithms
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for such objects (Wang and Low, 2008). Some researchers treat the slip as a disturbance and
propose to compensate it using control algorithms (Yoo, 2012; Mohammadpour and Naraghi,
2011). Algorithms using elements of artificial intelligence such as fuzzy logic or artificial neural
networks (Hendzel et al., 2013, 2015; Szuster et al., 2014; Hoang and Kang, 2016) work very
well in this type of approach.

Mathematical models formulated for robot formations may serve for many purposes, such as
research, design or control. Solving problems related to dynamics involves searching for cause-
-and-effect relationships between the forces in action and the torques being the causes of mo-
tion. The mathematical models can be used in analyses of their properties, identification and
control.

This article presents a robot formation model that should be implementable for control pur-
poses. Frequently, robot systems are characterised by a high degree of complexity with respect
to movable components. Accounting for all of them significantly complicates calculations, nega-
tively impacts transparency of the model, and makes it more difficult to implement it in control
synthesis. In such situations, simplified models are used, which account only for such elements
that have a significant impact on how the system actually behaves. Analytical mechanics provides
for certain formalisms which can be used to describe dynamics of multi-agent non-holonomic sys-
tems. The formalisms that describe dynamics of non-holonomic systems, which are used most
often, include Lagrange’s equations, Maggi’s equations (Giergiel and Zylski, 2005), Appell’s
equation (Burghardt, 2010) and Kane’s equation (Tanner and Kyriakopoulos, 2001; Thanjavur
and Rajagopalan, 1997).

The assumptions for the mathematical model of the formation analysed is that two identical
wheeled robots are transporting a cylindrical object (a rod). Each robot consists of a frame
and two drive wheels. Other elements have been omitted, assuming that they have a negligible
impact on the dynamics of the whole system. This study aims at achieving a description of
dynamics within controllable coordinates, as it would be of value due to its implementability
in control synthesis. With such an aim, the study first uses Lagrange’s equation, and then uses
the projective method to convert the model so that it is described as a function of controllable
coordinates.

2. Kinematics of a formation of two robots transporting a bar

This Section considers a case where two robots, moving on a flat xy surface, are transporting
a bar. The assumption is that the bar is attached above points Ay and As, i.e. to midpoints of
the line segments connecting the wheels (Fig. 1). The formation moves on a flat surface and the
wheels are not subject to longitudinal or lateral slips. For the description of kinematics, let the
generalised coordinate vector be q = [xar, yar, ©, B1, @11, @21, B2, a2, ane] T and the generalised
velocity vector q = [, Unr, @,Bl,dll,dgl,ﬁg,dlg, dgg]T. The physical sense of the respective
variables is as follows: xs, yar are coordinates of a characteristic point of the bar transported
within the xy system; ¢ — the angle of the bar rotation within the xy plane; 51, B2 — the angles
of rotation of the frames of robots 1 and 2; a1, g1 — the angles of rotation of the wheels of
robot 1; aia, e — the angles of rotation of the wheels of robot 2.

Given the geometry of the system, the kinematic equation is in a compact form of

J(@a=0 (2.1)

where the Jacobian matrix is as follows
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Transported

Fig. 1. Diagram of a robot formation transporting a bar
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where r is the radius of the robots wheels and [; is the distance between the midpoint of
the robot (point A) and the wheel. Out of 9 generalised coordinates, only four are control-

1S

q=Dqgy

lable: the angle of rotation of the robot wheels, constituting a controllable coordinate vector
an = [a11, a21, 012, Oégg]T, which can be used to express kinematic constraint equations.
The relationship between the generalised and controllable velocities qn = [c11, da1, Q12, d22]

(2.3)



652

A. Burghardt et al.

where the matrix D is as follows

[rcosfB1  rcosfB1  rcosfBa  rcosfBa]
4 4 4 4
rsin 31 rsin 51 rsin B2 rsin (B
4 4 4 4
_r __r _r __r
40 40 4l 40
r r
N —a 0 0
D=| 1 0 0 0 (2.4)
0 1 0 0
0 0 i —i
0 0 1 0
0 0 0 1|

Matrices J and D satisfy JD = 0, which allows us to remove the unknown dry friction forces
in the description of dynamics (Abbaspour et al., 2015).

3. Dynamics of a formation of two robots transporting a bar

This Section presents a description of dynamics of the robot formation using Lagrange’s equa-
tions of the second kind, which, in general notation, can be expressed as follows
d ;OENT OENT
—(=) = (=) =Q+JI%aA 3.1
7(55) —(5g) =e+7@ (3.1)
where E is kinetic energy of the system, Q is the generalised force vector, and A is the La-
grange multiplier vector. The right-hand side of Lagrange’s equations is determined based on
the principle of virtual work.

Virtual work dL performed by the forces acting upon the robot formations is equal to the
sum of virtual work performed by the forces acting upon the components thereof

4 4
6L =) Fidt+» Madt (3.2)
i=1 j=1

The relationship in Eq. (3,2) takes into account the sum of virtual works performed within trans-
lational motion by the force vector F and the sum of virtual works performed by the torque
vector M. Vectors 1 and & are, respectively, the linear velocity vector of the respective com-
ponents of the robot formation and the angular velocity vector thereof in rotational movement.
External forces acting upon the system are shown in Fig. 2. Forces P are loads applied to the
relevant wheels, and forces T are forces of dry friction between the wheels and the surface in
the respective directions.
In the case analysed, the virtual work is

0L = (My1 — Ni1fi1)0aq1 + (May — Noj fo1)0an; + (M — Niafi2)0aqs

3.3
+ (Moo — Naa fa2)022 (3.3)

where M;; is the torque driving the i-th wheel of the j-th robot, IV;; is the pressure exerted on
the i-th wheel of the j-th robot, f;; is the rolling friction factor of the i-th wheel of the j-th
robot, and da;; is the virtual displacement of the i-th wheel of the j-th robot. The virtual work
may also be expressed as

oL = Z Qkéqk (3.4)

k=1
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Fig. 2. Distribution of external forces acting upon the robot formation

where Qi is the k-generalised force, and ¢ is the k-generalised coordinate. Comparison of
Eq. (3.3) with Eq. (3.4), taking into account the generalised coordinate vector, gives us the
generalised force vector

0 -
0
0
0
Q= M1 — Nufn (3.5)
M3y — Ny fo1
0
Mis — Nia f12
| M2y — Noa foa

The Lagrange multiplier vector is expressed as

A =M1, A2, Az, A, As) T

(3.6)
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Taking into account the generalised force vector Q, the Jacobian matrix J and the Lagrange

multiplier vector A, the right-hand side of Lagrange’s equations is expressed as

A1
A2
A3
%)\1 cos B + %)\2 sin 81 — %)\3 + A\
Q +JT (A = | Mi1 — Nuifir — A1 cos B1 + gAgsin B — g\
M1 — Noyfor + 570
%)\1 cos Bo + %)\2 sin Bo — %)\3 + A5
Miy — Niafi2 — §A1cos B — gAasin By — 5~ As
Moz — Naa faz — 517 A5

The Lagrange multipliers represent forces of dry friction present in the plane of contact of the
wheel with the surface. These values are not measurable. The analysis omits the resistance in

the movement between the bar transported and the robots.

For the left-hand side of Lagrange’s equations to be determined, it is necessary to calculate
kinetic energy of the robot formation. The total kinetic energy equals the sum of kinetic energies
of the robot respective components and the kinetic energy of the bar being transported. Within
the model, this amounts to the sum of kinetic energies of the bar transported, robot frames,
and the robot drive wheels. The kinetic energy of the support wheels and other components has
been omitted due to its negligible impact. Figure 3 shows the system components and reference

frames.

Fig. 3. Formation of two robots transporting a bar

The robot formation kinetic energy is given as the following relationship

12 12

FE = (lmo +my + 2m11):'c%\/[ + (%mo +m1 + 2m11)y%/1 + (%IOZ + Zml + 5m11)¢2

2

1 1 . 1 ) 1 )
+ (§m1l§ +myli + §Iz1 + Izll)ﬂ% + §Iz110[%1 + §Iz11a%1

1 1 . 1 . 1 . . .
+ (§mll% +myl? + §Iz1 + Ia;n)ﬁgz + 51}1104%2 + 3 110639 + mylysin B By
+ myly sin BadprBa + (—mala cos B1)yn b1 + (—mala cos Ba)ins Pa

1 - 1 .
+ (—§m1lgl cos(p — ﬁ1))ﬁ1<ﬂ + §m1l21 cos(p — [2)Fa¢p

(3.8)

where mg is mass of the bar being transported, m is mass of the robot, my; is mass of the robot
wheel, i, is the bar moment of inertia about the axis z intersecting the point M, I, is the robot
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moment of inertia about the axis going through its centre of mass, I,11 is the wheel moment of
inertia about its rotation axis, I;11 is the wheel moment of inertia about the vertical axis going
through its centre, [ is the bar length, and, finally, [5 is the distance between the robot centre of
mass and the point A. Equation (3.8) is based on the fact that the robots are identical, and thus
it was assumed that mi1 = Mo, ™M1 = M1 = M1 = M9, Izl = Izg, 1211 = 1221 = 1212 = 1222,
Loy = Lo = Iz = Iooo.
In matrix notation, the left-hand sides of Lagrange’s equations are

T T
%(3—3 - (‘Z—ﬁ) = M(a)d + C(a, @)g (3.9)
where M is the inertia matrix, and C(q, q)q is the vector of centrifugal and Coriolis forces. The
inertia matrix is in the form of a symmetric matrix

[ My 0 0 Mg 0 0 M7 O 0 1
0 Moo 0 Moy 0 0 Mo 0 0
0 0 Mss  Msy 0 0 Mz 0 0
My My Mys My, 0 0 0 0 0
M=|0 0 0 0 Ly 0 0 0 0 (3.10)
0 0 0 0 0 ILu O 0 0
M7 M7y Mrg 0 0 0 M7 O 0
0 0 0 0 0 0 0 1,11 0
| 0 0 0 0 0 0 0 0 L]
where
M1 =mo + 2mq + 4mny
My = Myy = mylysin 34
M7y = M7 = mylasin 5o
May = mg + 2mq + 4my;
Myg = Moy = —myla cos By
My = Moz = —ml
72 27 2 mils cos B (3.11)
Msz = Iy, + §m1 + mlll2
1
Mys = M3y = —§m1l2lCOS(<P — 1)
1
M73 = M37 = §m1l2l COS(QO — ﬂz)
Myy = My = mql3 + 2my 12 + Ly 4 2111)
The matrix C(q, q) has the form of
_0 0 0 m1l2 COSs ﬁlBl 0 0 m1l2 COSs ﬂgﬁ'z 0 0_
0 0 0 m1l2 sin ﬁlﬁl 0 0 m1l2 sin ﬁgﬁg 0 0
0 0 0 —af 0 0 b3 0 0
0 0 ap 0 0 0 0 0 0
Cla,9)=10 0 0 0 00 0 0 0 (3.12)
0 0 0 0 0 0 0 0 0
0 0 —by 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0]
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where a = [mqlalsin(¢ — £1)]/2, b = [milalsin(p — B2)] /2. Ultimately, the dynamics of the robot
formation in generalised coordinates is specified as

M(q)q + C(q, @)a = Q+I"(@)A (3.13)

The model is characterised by the fact that the matrix S = M — 2C is skew-symmetric, which
is a key property from the point of view of control synthesis of the system analysed with the use
of methods that implement mathematical models.

4. Dynamics of the robot formation in controllable coordinates

This Section deals with the conversion of description concerning dynamics of the robot formation
into description of dynamics in controllable coordinates. The transformation between generalised
velocities and controllable velocities is represented by Eq. (2.3). Based on this equation, the
following generalised acceleration has been drawn

d =Dy + Dy (4.1)
By substituting Egs. (2.3) and (4.1) into Eq. (3.13), we arrive at the equation (Blajer, 1998)

MDgy + (MD + CD)gy = Q + JT(g)A (4.2)
which, when multiplied on the left-hand side by DT, is expressed as

DTMDgy + DT(MD + CD)gy = D'Q + DTJT(q)A (4.3)

By assuming DTMD = My, DT(MD + CD) = Cy and DTQ = Qy, the equation concerning
the dynamics in controlled coordinates is finally expressed as

Mpyagn + Cyan = Qn (4.4)

where DTJT = JD = 0. This way, the Lagrange multiplier vector X, which contains variables
that cannot be measured, has been removed. A key feature of the model is the skew-symmetric
nature of the matrix Sy = My — 2Cy. To prove this property, the matrix Sy expressed as

Sy =My —2Cy = %(DTMD) —2DT(MD + CD) = %(DT)MD +DTMD

+DTMD - 2DT(MD + CD) = DT(M - 2C)D = DTSD

(4.5)

where the following property was used: %(DT)MD — DTMD. Multiplying the skew-symmetric
matrix S on the left-hand side by DT and on the right-hand side by D yields a skew-symmetric
matrix as a result. Therefore, the matrix Sy is indeed skew-symmetrical.

5. Simulation

Simulations of the dynamics task were carried out in Matlab/Simulink using the work emulator
described in publications (Burghardt, 2008; Kurc et al., 2016). For the purpose of simulation
it was assumed that the M point of the transported beam moves along the track shown in
Fig. 4c with an assumed linear velocity as in Fig. 4a and an angular velocity as in Fig. 4b. It
was assumed that the waveforms describing the angular and linear velocity profiles are C2 class
functions.
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Fig. 4. (a) Velocity profile of the M point, (b) angular velocity of the transported beam, (c¢) generated
motion path of the M point, (d) initial setting of the robots and the beam in the emulator
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Fig. 5. (a) Angular velocities of the robot driving wheels, (b) angular accelerations of the driving wheels

For the assumed trajectories and initial setting of the robots (Fig. 4d), the angular velocities
of the driving wheels, shown in Fig. 5a, and the angular accelerations of the driving wheels, shown
in Fig. 5b, were generated based on the kinematic relations described in works (Burghardt, 2010).

The obtained values of velocities and accelerations are the input parameters for simulation of
the correctness of solving the simple dynamics task described by dependency (4.4) where values
of elements of the M matrix, Cy matrix and Qy vector were calculated based on Section 3
and 4. As a result of the simulation, the time waveforms of the torques driving the wheels of
two mobile robots performing the task of transporting a beam along the track shown in Fig. 4c
were obtained. A view showing the shape of the robot formation in successive time intervals,
presented in Fig. 6b, was generated with the use of the robot work emulator. The frequency of
generating successive images by the emulator is 2 Hz.

During the task, the mass of the transported solid was assumed as 10 kg. The appearance of
the task and the shape of the time waveforms of the driving torques confirm the correctness of
the dependence obtained in Section 4.
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Fig. 6. (a) The course of the transportation task, (b) solution of the inverse dynamics task

6. Conclusions

The study presents the model of dynamics of a robot formation transporting a certain load. The
model obtained accounts for the most significant phenomena related to the system motion. The
projective method allowed Lagrange multipliers to be removed from the description. The lack of
Lagrange multipliers and the skew-symmetrical nature of the matrix Sy = My —2Cy makes the
model implementable in control synthesis using methods that implement mathematical models.

The mathematical description of the dynamics of the system of two robots transporting a
beam was simulated in Matlab/Simulink. The use of the author’s emulator of robot operation
allowed visualization of the system motion under simulation conditions. The obtained time
waveforms of the torques driving the wheels of the robots and the appearance of motion of the
robots during the simulation confirm the correctness of the obtained solutions.
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