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Dynamic Modeling and Analysis of Propulsion effect of 3 DoF robot

Ahmet Shala', Xhevahir Bajrami?

"University of Prishtina, Faculty of Mechanical Engineering
"University for Business and Technology
2Vienna University of Technology

Abstract. Dynamical Modeling of robots is commonly first important step of Modeling, Analysis and Control of
robotic systems. This paper is focused on using Denavit-Hartenberg (DH) convention for kinematics and Newton-
Euler Formulations for dynamic modeling of 3 DoF - Degree of Freedom of 3D robot. The process of deriving of
dynamical model is done using Software Maple. Simulations are done using Matlab/Simulink for analysis of
propulsion effect under Earth gravity when First Link rotates with 1000 rpm, second Link can move free in vertical
direction and Third Link can rotates free around their rotations axle. Simulations results shows very good
propulsion of proposed 3 DoF robot. Results are verified-compared with constructed model of 3 DoF robot using
Working Model 3D Software.

Keywords: Kinematics, dynamics, robot, propulsion.

1. Dynamical modeling of 3 DOF Robot

Dynamics is a huge field of study devoted to studying the forces required to cause motion. The dynamic motion
of the manipulator arm in a robotic system is produced by the torques generated by the actuators. This relationship
between the input torques and the time rates of change of the robot arm components configurations, represent the
dynamic modeling of the robotic system which is concerned with the derivation of the equations of motion of the
manipulator as a function of the forces and moments acting on. So, the dynamic modeling of a robot manipulator
consists of finding the mapping between the forces exerted on the structures and the joint positions, velocities and
accelerations. A good model has to satisfy two conflicting objectives. It must include enough detail to represent
the real behavior of the robot with sufficient accuracy, and it should permit an efficient, stable evaluation not only
of the model equations but also of their derivatives that are needed in optimization.

The availability of the dynamic model is very useful for mechanical design of the structure, choice of actuators,
determination of control strategies, and computer simulation manipulator motion.

A robot manipulator is basically a positioning device. To control the position we must know the dynamic
properties of the manipulator in order to know how much force to exert on it to cause it to move: too little force
and the manipulator is slow to react; too much force and the arm may crash into objects or oscillate about its
desired position.

Deriving the dynamic equations of motion for robots is not a simple task due to the large number of degrees of
freedom and nonlinearities present in the system. This part is concerned with the development of the dynamic
model for 3 Dof robot and their kinematics and dynamics equations.
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2. Dof robot structure and coordinate systems

Xo,1
Figure l1a. Symbolic representation - Axes rotations for Denavit-Hartenberg parameters

From Figure 1a, can be created Table 1 of Denavit-Hartenberg parameters for 3 DoF robot

Table 1. Denavit-Hartenberg parameters for 3 DoF robot

Link # a 0 di 0
1 0 0 di qr*
2 0 oo do* 0
3 0 Lsa Qs*
0

* Joint variable
Denavit-Hartenberg transformation matrix for adjacent coordinate frames, i and i — 1.

Ocos(Od;i) Ocos(O;)Osin(d;)  sin(0;)Osin(0;) ai OO0cos(O;)0
] ]

AiDDSin(Di) COS(Di)DCOS(Di) EIsin(Di)EIcos(Di) ai DDsin(Di)EI

o o sin(0j) cos(i) di ]
] ]
o o 0 0 1 0

Orthogonal rotation matrix Rj which transforms a vector in the i-th coordinate frame to a coordinate frame which
is parallel to the (i-1)-th coordinate frame is first 3x3 sub-matrices of Aj:

Ocos(0di) DOcos(O)Osin(0;)  sin(0i)Osin(i) O
O cos(0iOcos(Oi) o
Ri O Osin(di)  sin(d) Osin( i)DCOS(Di)D

oo o COS(Di) 0o

fori=1,2, ..., N, where Rngi O E O diag(1)
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3. Dynamic Equations — Newton-Euler Formulation

Dynamics of robot is the study of motion with regard to forces (the study of the relationship between
forces/torques and motion). A dynamic analysis of a manipulator is useful for the following purposes: 1- It
determines the joint forces and torques required to produce specified end-effector motions (the direct dynamic
problem).

2- It produces a mathematical model which simulates the motion of the manipulator under various loading
conditions (the inverse dynamic problem) and/or control schemes.

3- It provides a dynamic model for use in the control of the actual manipulator.

Dynamic modelling of mechanical structures can be a complex problem. In robotics, more specifically, in
manipulators, there are two methodologies used for dynamic modelling: a) Newton-Euler formulationb)
Lagrange-Euler formulation.

The Newton-Euler formulation [1] shown in equations (1)-(9) computes the inverse dynamics (ie., joint
torques/forces from joint positions, velocities, and accelerations) bases on two sets of recursions: the forward and
backward recursions. The forward recursions (1)-(3) transform the kinematics variables from the base to the end-
effector. The initial conditions (for i=0) assume that the manipulator is at rest in the gravitational field. The
backward recursions (4)-(9) transform the forces and moments from the endeffector to the base, and culminate
with the calculation of the joint torques/forces. Angular velocity of the i-th coordinate frame

DORi"gy EII:IDi 02z EID‘im Difjoint is rotational
O
OO0 " 7 (])
o ... ... .
OpRio1 O ifjoint is translational

where: zo00o0 0 107

Angular acceleration of the i-th coordinate
frame

oritor 001 0 20 00701 001 020 0O-ion
o

00 O DDI:IRiTl:IlleI I:]Jomt I rotational 2)

|

O ifjoint is translational

Linear acceleration of the i-th coordinate
frame

ORiTo10Ov'i 00010 pio O0io10(0io10 pion)
O

Oif joint is rotational V.il:ll a DDRiTmDV'i 0 zd'm O
2Dix(zod en D 3)

DDDD.iEllxpiEll I:IDimx(Dimxpim)
Oif joint is translational
|

where: pi O0aj di Osin([;) i []sin(l:li)DT is position of the i-th coordinate frame with respect to the (i —
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1)-th coordinate frame.

Initial conditions: Oo 00 O vo O 0;

Gravitational acceleration: V' o D 0x 0y 0z DT .

Linear acceleration of the centre-of-mass of linki a; 00"; Os; O0; O(0; Os;)0v'; where: Siis “4)
position of centre-of-mass of link i

Net force exerted on link i: Fi O m;Oa;

(%)

Net moment exerted on link | N; O 1,07 O0; O(l; O0;) (6)
[:]Iixx 0 O EI

where li0 OO0 liyy 000

I; is moment of inertia tensor of link i about the centre-of-mass of link i (parallel to the i-th coordinate frame),
with only principal inertias lixx, liyy and lizz. Because of symmetry of link frames, cross-inertias can be used zero.
Force exerted on link i by link i — 12

fi O Rito1O fio1 OFi @)

Moment exerted on link i by link i — 1
ni O Rito10nior O pi O fi O Ni Osi OFi (®)

Joint torque/force at joint i:

O0ni" O(Ri"g1 0 z9)  if joint is rotational

Opfi"O(Ri'e1 O z9)  if joint is translational

Modeling of 3 DoF robot is done using Maple 15 software, equations are converted for Matlab use.

4. Simulation results of existence or non-existence of the desired propulsion effect!

For analysis of existence or non-existence of propulsion is done test as in view. Link 3 (L-form) rotates free from
vertical initial position. One part of Link 2 is vertical and second part is under 135° with verticals. Link 2 can
move free up-down and is supported free on Link 1.
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Link 2 End-effector

Link 1

Figure 1b.Robot 3 DoF in initial position.
From the simulation based on previous conditions, in Figure 2 are represented diagram of Contact Force between
Link 2 and Link 1 when Link 3 rotates free from initial position (0.1 deg deviated because of theoretical stability)
and diagram of orientation of Link 3 respectively qz3.
Main dimensions of robot
Link masses: mi=10 kg, m>=10kg, m3=15kg.
Link lengths: L =d;=1.0m, L2,=20d>=0.2m, L2,=0.4m, L3,=0.3m, L3,=d3=0.6m

Figure 2. Contact Force between Link 2 and Link 1 and orientation q3 of Link 3.

From Figure 2 can be seen that Contact Force has its maximum Fcomax=392.16N for q3=180°.

5. Simulation of propulsion of dynamical model of 3d of robot

- Angle between two parts of Link 2 is fixed to 45°;
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- Link 3 starts in vertical position (down normal to Xo-yo plane) and swings free
- Link 2 is free supported on Link 1

- Link 1 is turned up to 1000 rpm

- Steel is assumed for cylinder/prism masses and moments of inertia.

Main characteristic of this Case: start position of Link 3,  q3 =pi = 180°

Stop Simulation

Time T=23s

»

Lt »
>
- Plots
L

~ s d % Robot 5DoF &

g | MATLAB Fen ks Initial joint variables

Lnk lengths angular velocity dg1=1000rpm,
moment of inertia, Tsu=M"ddq+CG
center of masses
»
L

gravitational scceleration

Figure 3. Simulation scheme of robot, propulsion effect for initial position of Link 3 under q3=180°

Propulsion is result of fast rotation of Link 1, 1000 rpm, and rotation-oscillation of Link 3, which results from
contact force between Link 2 and Link 1, only for the time when these two Links are in contact, when Link 2
starts to move up (d2>1.1) contact force is zero.

Masition of tink 2. @2 T . | =
SBELPLLY ABE B AR

] 05 1 15 2 25 3
Time offset: 0

Figure 4. Vertical movement of Link 2
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Figure 7. Joint Torque on Link 1, Motor M1.
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Modeling and simulations using Working Model 3D software

Contact Force Fe in the start of simulation is 245.1625N=(m>+m3+m4+ms)’g. This is reaction force of contact
between Link 2 and Link 1. When Link 2 starts moving up, Contact force has its maximum and after that during
movement of Link 2, no contact between Link 2 and Link 1, this mean that contact force is zero until Link 2 is
coming back and strike the Link 1.

In Figure 8 is represented Contact force Fc2 and reaction force Fo (like joint 2 is rigid joint).

File Edit View Insert Tools Desktop Window Help k]

i i i i i i
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (Seconds)
-

Figure 8. Contact force Fc> and Reaction force Fro

Propulsion in this case is result of difference of real reaction force which is static + dynamic reaction force during
movement, as is represented in Figure 2.

Conclusions

Based on simulation results for case (q4)o=180° can be concluded:
- dy is growing significantly from initial position 1.1m to around 11.5m.
- Link 3 oscillates around own oscillation axe.

- For this case is clear that exist propulsion effect and based on diagram of Contact Force in Figure 2 and
other simulations tests which are done this is the biggest propulsion of robot.
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