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Abstract. This approach to ARGESIM Benchmark C11
‘SCARA Robot' compares a programmed MATLAB imple-
mentation with a graphically modelled Simulink imple-
mentation, esp. with respect to implicit models and state
event descriptions.

The mechanical system results in an implicit second
order differential equation. Therefore, different ways of
solving the equation using MATLAB and Simulink are
investigated. In this context, the question of using an
explicit or an implicit model description arises. Based on
the best fitting model description, a point-to-point mo-
tion of the robot controlled by a single axis PD-control is
simulated. Furthermore, a collision avoidance maneuver
of a defined obstacle is implemented in MATLAB as well
as in Simulink. Finally, the two models are compared and
the advantages and disadvantages of each model are
pointed out.

Introduction

ARGESIM Benchmark C 11 [1] deals with motion of a
three axis SCARA (Selective Compliance Assembly
Robot Arm) robot. The equation of motion leads to an
implicit second order system of differential equations
for the joint vector q, where q; and g, are the joint
angles and g5 is the joint distance.
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Figure 1: Schematic representation of the SCARA robot. [1]

The observed mechanical system is fully defined. The
balance of power and the constraints result in a system
of second order differential equations using variational
calculus methods [3]. So the equation of motion can be
written in a compact way as

Mg = b. (1)

Here the Mass matrix M is a block-diagonal matrix as
described in formula (2).

ma;; Mma, 0 41 b,
ma21 ma22 0 . qz = b2 . (2)
0 0 ma33 Q3 b3
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The elements of the Mass matrix M and the right-
hand side b are determined as follows:

may, = 0; + 20, cos(q,) + 65 @A)
ma,, = ma,, = 0, cos(q,) + 65 )
may, = 6, (5

mazz = mgz;, + 93motu§ (6)

by =Ty + 6,(24:1G, + G3 )sin(qy) (7)
b, =T, — 6,47 sin(qy) (8)

by =T; —ms.g, )

where 6; are the moments of inertia and T; are the joint
forces, whose calculation is based on the assumption
that the two links are rods with homogenous mass dis-
tribution m, and m, along the length L; and L, of the
rods.

The capabilities of MATLAB and Simulink to han-
dle this system are explored. For all computations,
MATLAB R2013b is used running on a Mac OS X
Version 10.9.5.

1 Modelling Method

There are different tools in MATLAB and Simulink to
solve systems of differential equations and therefore
different methods of describing the system.

1.1 MATLAB

At first, the different methods of solving the model-
equations numerically in MATLAB were investigated.
The ODE-solver provided by MATLAB can only deal
with first order differential equations [2], thus the three-
dimensional second order system has to be transformed
into a six-dimensional first order system.

ma;; Mag,; 0 0 0 O 1 by
may, ma,; 0 0 0 O\ Gz b,
0 0 maz; 0 0 O ,|iz'3 =|b3
I 0 0 0 10 0| G G4 | (10)
\0 0 0 0 10/ \c’zz} \q'z/
0 0 0 0 0 1 s s

The ODE-solver ode45 is able to deal with implicit and
explicit differential equations [2]. In order to get an
explicit model description, the mass matrix in system
(2) is inverted. To prove the regularity of the matrix the
determinant has to be examined. Per definition of each
of the factors and addends it is a fact that
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Mmazs = My, + O3poctt3 # 0 (11)

ma;; ma
" 12) = 6,65 — 6% cos(q) =0. (12)

det (ma21 ma;;

So it is possible to invert the mass matrix in order to
get an explicit system. The inversion of the matrix is
calculated analytically and the explicit system is imple-
mented in MATLAB.

The average runtimes of the explicit and the implicit
model were compared and as a result — as illustrated in
Table 1 - the explicit model is a bit faster and so it is
used for the additional tasks.

System runtimes
implicit (1st order) 4.7382s
explicit (1st order) 3.9431s

Table 1: Runtimes of the implicit and explicit model in
MATLAB.

1.2 Simulink

In Simulink it is possible to implement second order
differential equation — without transforming it into a
first order differential equation — by using the ‘Integra-
tor’-block twice [2]. For this comparison the ode-solver
ode45 is used in Simulink as well.

So the three dimensional square mass matrix in sys-
tem (2) is inverted analytically and the resulting explicit
second order system can be implemented in Simulink. It
is notable that the Simulink model is a lot faster than
both models in MATLAB.

runtime

0.2093s

System

explicit (2nd order)

Table 2: Runtime of the Simulink model.

2 Point-to-point Motion

Furthermore, the implementation of a point-to-point
motion by the SCARA robot, controlled by a single axis
PD-control, was performed. Therefore three more first
order differential equations are added to the system of
differential equations, which describe the -electrical
relationship of the armature of the robot servo motor,
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Ui — kru; — Rili’ =123 (13)
L

Ii € [_Iimax' Iimax]'

ii =
i=1.23 (14)

where k7, is the motor constant, ; is the gear ratio, R;
is the resistance and L; is the inductance. The single-
axis PD-control is involved to control the point-to-point
motion of the robot by the control of the voltage U; and
represented by the equations

i=123 (15)
i=123. (16)

Uy = P(q. — q) — Diq,,
Ui € [_Uimax' Uimax]'

Here §; stands for the target point of the SCARA robot
motion and therefore P; describes the proportional gains
and D; derivative gains. The values of both of them are
given for each controller.

2.1 Implementation in MATLAB

To implement the point-to-point performance of the
SCARA robot in MATLAB the six-dimensional first
order system — as described in Section 1.1 — has to be
transferred into a nine-dimensional first order system by
adding the three first order differential equations as
given in formula (13).

Furthermore, in order to limit the values of U;and I;
such that their values are located in the intervals given
above, their numerical values are compared to the lim-
its of the intervals by using logical expressions in
MATLAB in the way that the expression

(Ui < _Uimax) ' (_Uimax) + (Ui > Uimax)
“Uimax + (_Uimax SUAU;
2 Uimax) U;

(17)

provides the right value for U;, which is either —Ujp,qx
if U; is not located in the considered interval and less
than —Ujmay OF Uiy 1if U; 1s larger than Ujyp,,, or U; if
it is situated in the interval.

In addition to this an event function is included to
stop the integration at the target position using an accu-
racy of acc = 0.001 of reaching the target value.

2.2 Implementation in Simulink

The point-to-point motion of the robot is implemented
in Simulink by adding the PD-control and the differen-
tial equation of the electrical current as given in formula
(13) more or less as a system according to g which is
running parallel to the system which describes g and its
derivations. This parallel running system is shown in
Figure 2.

<17}
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Figure 2: PD-control and servo motor subsystems for
the implementation of the point-to-point
motion in Simulink.

The outputs of the system are the values T;, which are
needed to calculate the right-hand side b; of the dynam-
ical equations.

Compared to the implementation in MATLAB, to
control that the values of electrical voltage and current
are located inside the intervals a ‘Saturation’- block is
used, which proves to be a much simpler way.

Furthermore, for stopping the integration at the tar-
get position the same accuracy as in MATLB
acc = 0.001 of reaching the target value is used. This is
realised in Simulink by using a “Stop”- block.

2.3 Results

The point-to-point motion is — as already mentioned —
implemented in MATLAB as well as in Simulink. Fig-
ure 3 shows the point-to-point motion of both models
with initial value q = [0,0,0] and target point § =
[2,2,0.3].

toolttip position MATLAB
——tooltip position SIMULINK
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Figure 3: Comparison of the implementation of the
point-to-point motion in MATLAB and Simulink.
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Figure shows that the tooltip of the MATLAB model
is following the same movement as the tooltip of the
Simulink model. Both models are reching the target
point, which is marked as a red dot in Figure 3.
Furthermore, by comparing the simulation times
(MATLAB: t = 1.5719, Simulink: t = 1.5719), which
both models need to reach the target position, one can
see that there is no significant difference. But if
comparing the runtime one can observe that the
Simulink simulation with about 0.2093 seconds is way
faster than the runtime needed by MATLAB, which is
about 3.9431 seconds. So for the simple point-to-point
motion the Simulink model in terms of the simulation
time and the runtime seems to be the better option as
there is no difference in the simulation time but the
runtime is a lot faster.

3 Obstacle Avoidance

In addition the model description is extended to simu-
late an avoidance manoeuvre of a given obstacle. The
idea is to slow down the movement of the tooltip in the
xy-plane, if the tooltip crosses a critical distance to the
obstacle until the height of the obstacle is exceeded. So
the given condition for slowdown is:

If (xtip - xobs) < dcrit /\( qs < hobs)
decelerate q,, g, until g3 = h,ps.

Furthermore the permissible
armature voltage U; is widened to

Uy e [0, umex ], i =1,2,3.

imax’ ~imax

interval for the

3.1 Implementation in MATLAB

The implementation of the obstacle avoidance in
MATLAB is realised by extending the point-to-point
motion model by using a two-dimensional event func-
tion, which stops the integration just when the above
described condition is fulfilled. The first component of
the event function detects, if the distance between the
tooltip and the obstacle in the xy-plane is critical. The
second component detects, whether the tooltip position
exceeds the height of the obstacle in z-direction. As in
the point-to-point motion model, the conditions are
written in a logical structure.
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function [ value , isterminal , direction ]

= event_functionl (~ , w)
value =[1 - double (( abs ( L1 * cos
(w (3))+ L2 * cos (w (3)+ w (4)) -
xobs )< dcrit )
&& (w (5) < hobs )); 1- double (w (5)
> hobs )];

isterminal =[1;1];

direction =[ -1; -1];

end

Using a nested function, the right hand side of the dif-
ferential equation is state-depending. So detecting the
first event, the velocities ¢; and ¢, in the right hand
side of the differential equation are decelerated dramati-
cally by multiplying them with the factor dec =
0.00005. Additionally the widened interval for U; is
used here as well.

By using a while-loop this procedure is repeated us-
ing the final values of the last step before the detection
of the event as new initial values for the integration until
the second event occurs, so until the height of the obsta-
cle is crossed. After this event the point-to-point motion
model from task b can be used, since no obstacle is
present anymore.
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Figure 4: Distance between the joint vector and the
obstacle in MATLAB.

In Figure 4 one can see that the motion of the tooltip has
to be nearly stopped if it has a critical distance to the
obstacle until the z-position of the tooltip exceeds the
height of the obstacle and afterwards the point-to-point
model is used. Here the initial values have to be set to
zero, except the positions g4, g, and q5.
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So the values for the velocities g; and for the arma-
ture current [;, are set to zero. The reason for this is that
otherwise the values of the last integration step of the
extended collision avoidance model do not fulfil the
initial value problem of the point-to-point motion model.

3.2 Implementation in SIMULINK

In Simulink, the point-to-point model is extended by
distinguishing the different states as described above
using a ‘Switch’-block. This block switches between the
values for ¢; , ¢, and the values ¢, - dec and ¢, - dec,
where dec = 0.00005. Depending on the state this
values are forwarded to the ‘Integrator’-block and the
right hand side of the differential equation.

The condition (xtip - xobs) < derie N(g3 < hops)
is written in a logical structure using the “fcn”-block
and a logical operator-block. The same condition is used
in a second ‘Switch’-block to distinguish between the
permissible intervals for the armature voltage U;. In
Simulink it is not necessary to adjust the initial condi-
tions after the height of the obstacle is exceeded.
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Figure 5: Condition for state — switch in Simulink.

In Figure 6 one can see a similar behaviour as in
Figure 4 of the simulation in MATLAB. If the distance
between the tooltip and the obstacle is critical the
movement in the Xy-plane is decelerated dramatically by
multiplying by dec, until the height of the obstacle is
crossed.

3.3 Results

There are some differences in the simulated results, so
the movement of the tooltip differs, which can be ob-
served in Figure 7. Until the first event occurs both
simulations show very similar behaviour. But after the
obstacle is passed the movements differ a lot.
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Figure 6: Distance between the joint vector and the ob-
stacle in Simulink.

The reason for this deviance is that after the second
event occurs the values of the velocities and the arma-
ture current are set to zero in the MATLAB model.
In Simulink this is not necessary, therefore the velocity
is bigger and the tooltip has to spin around to reach the
target point - marked as a red dot in Figure 7.

— SIMULINK Tooltip position
MATLAB Tool tip position

— SIMULINK Tooltip position
MATLAB Tool tip position

Figure 7: Tooltip position simulated in MATLAB and
Simulink.
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Furthermore, this also means that the simulation
time of Simulink, which the tooltip needs to reach the
target point, is much longer than of MATLAB.

Model Simulation time
MATLAB 1.4555
Simulink 1.7736

Table 3: Simulation time of MATLAB and Simulink.

In Simulink it is possible to reduce the deceleration-
factor to dec = 0.005, but the implementation in
MATLAB cannot cope with this situation, because the
slowdown of the movement in the Xy-plane is too little.
So the tooltip would not have enough time to exceed the
height of the obstacle, which would mean that the
tooltip would crash into the obstacle. So Simulink is
much steadier in this situation than MATLAB.

q3-hobs SIMULINK
—xfip - ®obs - derit SIMULINK
q3-hobs MATLAE
— — Xtip - ok - dort MATLAR
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Figure 8: Distance between the joint vector and the
obstacle in Simulink and MATLAB with
dec = 0.005.

4 Discussion

As already mentioned two different kinds of compari-
sons have been done. On the one hand the explicit with
the implicit implementation in MATLAB only were
compared. Here the runtimes of both implementations
were observed and resulting from this the explicit model
was faster than the implicit one as already shown in
Section 1.1.
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Therefore, the further comparison of MATLAB and
Simulink only refers to the explicit description of the
given system. One big difference of those two kinds of
implementation is that MATLAB cannot solve a second
order differential equation system and therefore it had to
be transferred into a first order differential equation
system. But Simulink can handle such second order
differential equation systems as given by connecting
two ‘Integrator’-blocks in series.

For the simple point-to-point motion there is no big
difference in using either the MATLAB model or the
Simulink model, both tooltips follow the same move-
ments and the simulation times are also equal. The only
difference is that the real runtime is a lot faster for the
Simulink simulation than for the MATLAB one.

The last task which was implemented is the obstacle
avoidance. The results of the two different implementa-
tions show that not only the simulation times and
runtimes differ but also the movement of the tooltip. As
the MATLAB model is quicker in solving this task it
seems to be obvious to prefer the MATLAB implemen-
tation for the obstacle avoidance task. But one should
not disregard that the Simulink model is steadier in
respect of changing the factor dec for slowing down,
especially in terms of increasing this factor and there is
no need of changing the initial conditions in order to use
the point-to-point model after crossing the height of the
obstacle in the collision avoidance model.

Model sources

For this C11 Benchmark approach, all MATLAB model
m-files, all Simulink model mdl-files, all parametriza-
tion m-files, and a short file description can be down-
loaded (zip format) by EUROSIM sociteties’ members
from SNE website, or are availably from the corre-
sponding author.
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