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Abstract: This article analyzes the behaviour of the dynamics of
a physical model (PM) of the mobile manipulator system (MMS).
This model uses computer-aided design (CAD). The SolidWorks
model is exported to Matlab using the Simscape Multibody
exporter to create the PM from the XML file. The mathematical
model (MM) is developed from the methods of D-H and Euler-
Lagrange. The goal here is to show that the dynamic behaviour of
the PM designed for SolidWorks and Matlab software approaches
the behaviour of the MMS. To analyze the behaviours of the PM
and the MM, a co-simulation allowing to have a virtual
environment is carried out with SolidWorks, Matlab and a control
structure based on the PID. The tests carried out with the
proposed control structure show that the angular velocities and
the control forces are similar to the two models. The similarity of
the two models also proves that the MM is sufficiently precise for
the design of the control laws.

Keywords: Mobile-manipulator, Computer-aided design,
SolidWorks, Matlab, Simscape Multibody, Co-simulation.

1. Introduction

Mobile manipulator systems (MMS) are robots consisting of
two subsystems (a manipulator arm and a mobile robot). These
robots have the ability to manipulate and move objects. They
have the ability to improve task performance in dynamic
environments unlike single robots like a manipulator arm or
mobile robot. MMS is strongly coupled and highly nonlinear
when the two subsystems are coupled. To optimize the
behaviour of the MMS, robust control techniques become
essential. Moreover, the experimental validation of the control
laws can be complicated. Indeed, not only, the design of
prototypes requires a lot of time and money. But also, robots
(mobile, industrial, domestic, collaborative and humanoid
robots) are almost inaccessible due to high purchase costs. In
addition, research laboratories increasingly require great
precision in the creation of models of these robots [1]. In
addition, it is almost impossible to determine the dynamic
parameters (Moments of inertia, frictions, coordinates of each
linked element, etc.) of the robot with accuracy, due to the
uncertainty to which the system is subjected [2]. Indeed,
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information on the masses and inertia of an object of interest is
a basic assumption for performing precise dynamic calculations
[3]. However, it is important to develop the precise model of
the MMS to set up effective control structures. The Modelica
language [4], [5] is used to set up prototypes of mechatronic
systems. However, this language only allows a one-way
translation of models from computer-aided design (CAD) to
Modelica with respect to geometric and inertial parameters [6].
Several studies have used CAD for the optimization of control
structures. The advantage of such an approach is to develop the
model of a given system without resorting to mathematical
notions [7-9]. Adams and Matlab/Simulink software was used
mainly in [10] to control the movement of a 6-DOF excavator
using GPS. Then, in [1] for the modelling and dynamic
simulation of the Stiubli TX40 industrial robot. The Simscape
language is an alternative for some research work to understand
the dynamic behaviour of physical systems. Indeed, the
package integrated into Matlab's Simulink toolbox [6], [11],
[12] allow the use of Simscape Multibody. However, it is
difficult to model complex 3D objects directly in the Simscape
Multibody environment. Some research even uses Autodesk
Investors software to place a prototype of the Kuka KR5 robot
[13] and the Scara robot [14], [15] whose models are validated
with a PID controller. This command is also used to validate the
model of a UAV-type Quadcopter in SolidWorks and Matlab
environments [9]. The integration between SolidWorks and
Simscape Multibody eliminates the need to calculate the
mathematical model and provides a mobile platform for
designing the controller for the system [16]. Often, co-
simulation is used to be able to compare the results obtained
with the virtual prototypes with other numerical and analytical
methods. This modelling method provides a virtual
environment for analysis purposes and does not require the use
of mathematical methods to describe the dynamics of a system
[17]. Also, the use of virtual prototypes designed with
SolidWorks and Simscape Multibody increases the precision of
control laws and ensures the efficiency of task coordination and
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trajectory tracking [18]. Several authors such as [19-22] have
applied it to serial manipulator arms and even for exoskeleton
robots. Rehabilitation [23-25] for the development of robust
control laws. Other research directs this method towards mobile
robots [26-28] to implement trajectory planning. Authors like
[29] have made use of this modelling technique to identify
parameters of online mobile robot dynamics. We notice that this
modelling method is widely applied on manipulator arms and
mobile robots. Moreover, very little research uses this method
on MMS to experiment with control laws. Considering the fact
that the subsystems (manipulator arm and mobile robot) are
coupled, this article uses co-simulation to analyze the dynamic
behaviour of the virtual prototype of a 4-DOF MMS.
Computer-aided design (CAD) is used to deduce the physical
model of the MMS with SolidWorks and Simscape Multibody
software. Thus, the Simscape Multibody library which is part
of the Matlab toolbox will make it possible to connect the PM
to the command structure proposed in this article. The
contributions of this work are around the following points:

e Develop the PM for which the two MMS subsystems
are coupled using SolidWorks. Then, perform a co-
simulation with Matlab and Simscape Multibody
software;

e Find the kinematic and dynamic models of the MMS
and set up a control structure based on the PID to
analyze the behaviours of the PM and MM.

The rest of the article is structured as follows: Section I
presents the mathematical models (kinematics and dynamics)
of the MMS at 4DDL. It highlights the virtual prototype of this
robot using SolidWorks and Matlab/Simscape Multibody
software. The analysis of the results obtained is presented in
section III. Finally, a conclusion is given in section I'V.

2. Modeling of the Mobile Manipulator

To study the planning of MMS trajectories, the
implementation of a model is necessary. Modelling this robot is
an essential step in setting up the control structures. In this
section, a virtual prototype of the MMS is first developed using
SolidWorks and Matlab. This model makes the parameters
(mass, friction and moments of inertia) accessible. Then, the
mathematical model (MM) is designed to work out the control
structure. Moreover, the comparison of the two models is made
to justify that the mathematical model is sufficiently precise to
propose a control law.

A. Co-simulation of MMS with Solidworks/Matlab

To develop a dynamic model of MMS, the application of
virtual reality is an alternative that gives us the possibility to
experiment on the analysis of MMS behaviour. Indeed, a robot
can be tested without any hardware involvement by using a
simulator and virtual robot models (Azimi et al., 2017) [30]. In
this section the SolidWorks software is first used to design the
physical model (PM) of the MMS shown in Fig.1. This model
allows to introduce a control system and perform any motion
analysis. Indeed, the PM was modelled on the SolidWorks
software to facilitate the technological and computer
relationship between the CAD and the Matlab environment.
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Sketches (Line, Corner Rectangle, offset the surface, convert
entities... etc.) and functions (Extruded Boss/Base, Extruded
Cut, Reference Geometry, Revolved Boss/Base...etc.) were
necessary to create the part models (the motors, the wheels, the
links that connect the joints of the arm, the effector, the frame).
To define the geometry of the MMS, the assembly of the MMS
is developed using the local coordinates associated with each
part in 3D whose links are ensured using standard, advanced
and mechanical constraints.
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Fig. 1. SolidWorks model of the Manipulator-Mobile 4-DOF system
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In order robotic systems, experimenting with control
strategies on prototypes is a real challenge. The use of CAD
makes it possible to carry out analyzes of the mechanical
models of 3D systems. However, it is difficult to include control
structures in these studies. To ensure co-simulation with a
control structure, the PM shown in Fig. 1 is exported to Matlab.
The export of the PM to Matlab takes into account all the bonds,
dimensions and material properties of the MMS. Fig. 2
highlights the process of exporting the SolidWorks model to
Matlab/Simscape Multibody. Indeed, the assembly of the MMS
under the extension. sldam is exported in .xIm format to finally
obtain prototype in .slx or .mdl format.

Model
generated in
Simulink/ |
SimMechanics | |
(Matlab)

3D model

assembly in a export as
CAD prg]gram ) SimMechanics
!'| (SolidWorks) the assembly

Creation of the

with the
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Multibody/Matlab. Taken from: [9]

The model of the MMS that we obtain is illustrated in Fig. 3a
where the kinematic and dynamic blocks are highlighted. The
creation of the kinematic chain that defies movement between
the mechanical parts of the MMS is done using four (4) rotary
joints. Solid transformations and frames of reference are
performed with rotation transform blocks. The flat joint is used
to ensure the coupling of the mobile robot and the manipulator
arm. The kinematics of the mobile platform are illustrated in
Fig. 3b. In the dynamic block, the command and speed signals
are well illustrated in Fig. 3c. This makes it possible to include
the control system which allows to analyze and optimize the
behaviour of the MMS. If we want to modify the parameters of
the MMS such as: frictions, masses, moments of inertia, the MS
model must be re-exported in Matlab. The explanations of the
export procedure of the MS generating an XML file and the
means of its import into the Matlab/Simulink environment
which forms the Simscape Multibody model [9], [31], [32].
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When exporting the SolidWorks model to Matlab, all mass
geometry of the MMS is taken into account. Furthermore, to
avoid conflicts between the MS model and the analytical model
as well as controller parameter issues in the hardware
implementation [30], the model presented in the following
subsection is designed using the exact parameters of the virtual

prototype.

B. MMS Kinematic Model

The MMS illustrated in Fig. 4 is designed from the
SolidWorks model shown in Fig. 1. It has a 2-dll mobile base
under non-holonomic constraints and a 2-DOF manipulator
arm. Note that / =(O,I;,[;,f3) is the absolute reference frame and
J=(O(p,.71,j]2,j3) is the relative reference frame related to the
robot. When the subsystems are paired, the MMS has 4-DOF.
This coupling is established by an angle (6+®;) where 0 is the
angle of curvature of the mobile robot and ®1 is the angular
angle of the first articulation of the arm.

Note that the Ri1=(O;.1,X;.1,¥; ;.Z.1) are relative reference
frames respectively, of the joints {i} of the arm where i=1,2.
Then, Re=(0¢.X..y,.Z.) is the reference frame linked to the
effector. Note also that the 1; and 1; are distances between joints
and distances between joints and their centers of mass. The
MMS considered in this article has a moving base under non-
holonomic constraints. Formulated in the works [33], [34], the
expression of this constraint is written:

Bin(0)+ Beos(0)+1,8=0 (1)
The kinematics, which is taken into account the nonholonomic
constraints can thus be rewritten in the form:

cos(0) —Isin(0)|| L L
B =|sin(0) 1 cos(0) 2 _2 & (2
0 1 24 7:

Note that P,,=[x,y,0]" is the speed vector of the mobile in the
plane and q_=[¢ d,('pg]T is the vector of generalized coordinates
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formed by the variables of the driving wheels. Where I is the
distance between the center of the axle Oyand O is the coupling
point of the MMS subsystems. Also, r is the radius of the
wheels and a is the distance between the wheel and the center
of the axle. Table 1 represents the D-H parameters of the
manipulator arm in the Ry reference frame.

Table 1
Modified arm D-H parameters
i | aia | aia | di [O]
1 0 010 0,
2 | w2 | 1 0 | ©+n/2

Given the general homogeneous transformation matrix [35],
[2], [36] and Table 1, by setting: cos(0;)=ce; and et sin(6;)=sqi,
the following matrices are derived:

Co, —Se, 0 O —Se, —Co, (0] (0]
Se o 0o 0 0 0 —1 [0}
S N Y 3
0 o 1 0 Co, —Se, 1
0 (0] 0 1 0 (0] (0] 1

The geometry model which makes it possible to describe the
behaviour of the manipulator arm is obtained by setting:

82T:O§T.§T , to reach the position of the tool, we base ourselves

on Table 1 and Fig. 4. The passage matrix between the {R.} and
{I} markers is written:

%,T[,‘;:(R(q(,) O(I:Z(qe):| )
) 0.3 1
where
—Co,Co, ~Co S0, So —Co, %0, l,
g R = —Se,C0, TS5, Co, |5 0‘ P, = —Se,%0, lz
Co, —Se, 0 L +ce 80,1,

The passage matrix described by Eq. (4) makes it possible to
express the effector linked to the {Ry} frame of the MMS in the
{I} frame.

Fig. 4. Identification of the mobile manipulator system
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o) _ R(@) OPUL gR(qe) O‘PZ(qe)
ST =|- | — (5)
o, 1 0., 1
where
c, —s, O x+1.c,
R(O)=|s, ¢, Of; P, =|y+Lls,
0 0 1 0

When the MMS is coupled, it is possible to define the
geometric model of the arm for the development of Eq. (5).
therefore:

—Co,Se,Cols + 8¢ S0, 8L, +x+1.c,
op _ . .
P, =| —cg S, Sol, — Se, Saz‘selz +y+Lls, (6)

L +cg ol

The kinematic model that takes into account the coupling
effect in the {I} frame is expressed as in the reference [37]:

A= R(O)K, &+ R(0)J58 +R(0)J & ()

where

J. = 6%( °r, (a.)) ==[£ 0..]

With I= [i,i
2a’ 2a Lo
vector of the effector in Cartesian space. Also, qe=[®1,®2]T

represents the vector of generalized coordinates formed by the
variables of the joints of the manipulator arm. The coupled
kinematic model of the MMS can also be written:

b [R(G)Je R(0)(K, +Je2)}.q

o,., R(0)K,

]. Note that Pe=[px,py,pZ]T is the velocity

(®)

Note that P=[P¢,Pm]T is the MMS position vector and
q=[qmq]" is the generalized coordinate vector formed by the
wheel and joint variables.

C. MMS Inverse Kinematics

This section presents the inverse kinematics to find the
angular positions of the MMS from its Cartesian coordinates.
We start by determining the angles q. of the arm, for this we
solve Eq.(6) in which the angles q. and qm are unknown and the
position P. is known. Solving Eq. (6) makes it possible to find
the angular positions of the arm as a function of the Cartesian
positions of the tool. Thereby:

G)Z:iAcos[pz_l‘] )
12
O, = Atan2(9,,9 ) — Atan 2(—L,s5,¢,,—1,5,5,) (10)

where
g = P, -y=ls, & = P, —x—lc,

It is clear, because of the coupling effect, Eqgs. (9), (10)
depends on the steering angle of the mobile robot. Furthermore,
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this angle is a function of the angular positions of the wheels.
To define these positions, we integrate the velocities defined in
[38], [39].

r r

2 2
R

e

2a 2a

k.e . +v, cos(e,)
vk, sin(e,)+v, ke +o,

)

with
I:ex,ey,eg]T = [xd —X, Y, — V.6, _g]T

Note that k. > 0, k, > 0 and ky> 0 are gains of Eq. (11). Then,
v, and o, are referencing linear and angular velocities. Also, x4,
vaand 6, are referencing positions. The angular positions of the
mobile robot are obtained by integrating Eq. (11). Therefore:

q, = J-é, .dt (12)

D. Dynamic Model

The dynamic modelling of MMS systems still remains a
complex problem in control, according to the coupling or
coupling hypotheses. Taking into account the coupling effect,
the dynamic model of the MMS system is developed by
applying the Euler-Lagrange method [37,40,41], Therefore

M(q)&V (a.§+G(a)+F(H+z, =7 (13)

Note that 74 and T € R*? are respectively the torque applied
to the joints and the disturbance torque of the MMS. G(q)
€ R is the gravity vector. Note also that F € R* is the
frictional force. The mass matrix M(q) € R** and the vector of
centrifugal and Coriolis forces V(q,q) € R¥?. The following
properties are necessary for the study of the stability of MMS.
Also, the satisfaction of these properties confirms the
realization of Eq.(13).

Property 1: The mass matrix M(q) is symmetric and positive
definite for all ¢ € R**? [35,42].

Property 2: The matrix V,, is always chosen so that M(q)-
2Vu(q,q) is antisymmetric such that ST[M(q)-2Vu(q.G)]S=0, for
all S and g € R** [43,44].

3. Results and Discussions

When comparing the behaviour of the physical model and the
mathematical model, it is important to obtain similar results [6].
To achieve this similarity, the choice of an efficient control is
necessary. The co-simulation of 4-DOF MMS is performed by
applying the control structure based on PID control. This
allowed us to show the control law that makes the mathematical
model sufficiently accurate. The MMS parameters are shown in
Table 2.

To analyze the behaviour of the MS, the command structure
proposed in Fig. 5 is used. Indeed, the MM is replaced by the
prototype of the MMS given in Fig. 1 to test this command
structure. We show that the command structure used in the co-
simulation, allows to show the similarity of the two models of
the MMS presented in this article. Better convergence
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Fig. 5. Mobile manipulator system control structure

performances of speeds and control forces are analyzed for this
purpose.

Table 2

Parameters of the MMS to 4DOF
Physical variables Values Units
Lyand L, 0.05 and 0,1 K.nm’
I,1,and I, 1.411, 972,6e-6 and 1407,76e-6 Kg.mz
mand m; 27,04e-3and 38,23e-3 Kg
m, and m,, 3.8and 0,76 Kg
l;and I, 145e-3 and 206e-3 m
l.;and 1, 1,/2 and 1,/2 m
1, fofaand f, 0,1,0,1,0,25 and 0,1
a, rand |, 0,133, 61e-3and 10,94 e-3 m

The test that is proposed in this part of the article aims to
demonstrate from a powerful command that the virtual
prototype and the mathematical model have a similar behaviour
even in the presence of strong disturbances. Note that during
the test, the dynamic parameters are known when the virtual
prototype is available. The execution of the control structure
required the choice of gains proposed by Table 2. The
calculation of the PID gains used for this simulation is detailed
in [36].

Table 3
Gain values
Gains Values
Kp 19.98diag([1,1,1,1])
Ki 90.06diag([1,1,1,1])
Kd 109.04diag(/1,1,1,1])
K, K,and Ky | 0.4, 0.6 et 0.2

Considering the MMS to be coupled makes this robot highly
nonlinear. In addition to nonlinearities, singularities are
generated in the workspace. These singularities are taken into
account by Algorithm 1.

Exporting the SolidWorks model to the Matlab/Simscape
Multibody environment allowed us to obtain the co-simulation
of the command structure illustrated in Fig. 6. This presentation
of the co-simulation thus allowed us to visualize the behaviour
of the MMS during the proposed control structure simulation.

The ultimate goal of the test is to show the similarity between
the behaviours of the PM and MM. To achieve this, we first
compared the angular velocities of the four MMS joints. We
can see that in Fig. 7 eight angular velocities are similar. Note
that the first speed of the MM arm struggles to follow that of
the PM at the start of the simulation. But the similarity of these

speeds is very quickly caught up in a steady state. Secondly, we
verified this similarity by comparing the MMS command
efforts. We can also notice that as for the speeds, the MM
control forces converge towards the PM control forces as shown
in Fig. 8.

Algorithm 1 Movements under constraint of the MM.

1: function Q. (q[4])

2 q1+ q[0]: g2 + q[1]: g3 + q[2]: g4 + q[3]
3 g3+ giymod2x

4: g4+ g4 mod 27

5 if g3 > = then

6: g3 = g3 — 2%

7: else if g3 < —n then
8 g3 =q3+2m

9 end if
10: if g4 > & then
11: gy =¢q4—2n
12: else if g4 < —n then
13: gs=¢q4+2n
14: end if

15: return {q;:q2:93:94}
16: end function
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Multibody

It can be observed that with the coupling effect of the MMS
subsystems, the similarity of the models is guaranteed when the
co-simulation is done with a PID control. In the model designed
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from SolidWorks, the friction forces of the angled joints of the
MMS are taken into account. Which makes this model more
realistic. The fact of having the speeds and the efforts of the
MM controller, which converge towards those of the PM prove
that the modelling developed with the analytical methods is
sufficiently precise. Indeed, this approach makes it possible to

1
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show that the MM reflects the dynamic behaviour of the MP.
This confirms that MM is well suited to the design of control
laws and the analysis of co-simulation developed with the
proposed control structure.

~
@ = = 05
~ | . | ~
g 05 g
N——" N——"
3 = 0
‘S ‘S
—PM =-=-MM —PM =-=-MM
0 -0.5
0 20 40 60 0 20 40 60
2 8
6 | | === PM === MM
"o 1 gl "o 4
~— ] ~—
S g 2
= 0 <0 M.A
-% -% Al
1 —PM =-=-MM -2
0 20 40 60 0 20 40 60
Time(s) Time(s)
Fig. 7. Comparison of the Angular Velocities of PM and MM
1
\—PM ----MM\ 05 \—PM —— MM
/ 0.5 ~~~
g S
Z 0 v — Z 0 4 e .
= =
&~ s t~
0.5
0 20 40 60 0 20 40 60
0.15
0.04 \—PM —_— MM\ \—PM ——=-MM
—~ —~ 0.1
E o g
Z, . 2. 0.05
< & w
0
-0.02
0 20 40 60 0 20 40 60
Time(s) Time(s)

Fig. 8. Comparison of the PM and MM control efforts
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4. Conclusion

In this article, a physical model of the 4-DOF MMS
developed using SolidWorks software is presented. Then, the
co-simulation is carried out with the model obtained with
SolidWorks and Simscape Multibody to create a virtual
environment. Indeed, the physical model of the MMS is
generated by exporting the SolidWorks model from the XTL
file. This virtual prototype is developed taking into account the
fact that the MMS subsystems is strongly coupled. This type of
model not only makes it possible to deduce the physical
parameters (moments of inertia, friction, masses, etc.) of the
MMS, but also to produce visualizations of the real movements
of the robot. But also to introduce a command structure that
allows to analyze and visualize the dynamic behaviour of the
MMS. To this end, a mathematical model based on the method
of D-H and Euler Lagrange is calculated to be able to design
control laws. To verify the similarity between the physical and
mathematical models, the analysis of the test comparing the
speeds and the control efforts of the PM and MM is carried out
a control structure based on the PID control. These results show
that the angular velocities of the MM converge towards those
of the PM. The same observation is also made with the control
forces. Moreover, as the analysis has shown, the convergence
errors of speed. &, and control force 1, increase to less than 5
seconds. This error is justified by the uncertainties of the MM.
But, after this time, we observe a similarity of these signals in
steady state. The rest of the speed and effort signals better show
the similarity between MM and PM. Given the strong
nonlinearities and the coupling effect of MMS, we observed
that there is a good similarity between the two models presented
in this article. This also demonstrates that the MM is
sufficiently precise to elaborate the control laws of the type of
model presented in this article.
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