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mary 

The subject of this research is the validation of Working Model. Working Model is 
interesting to investigate because geometric non-linearities can be modeled and a 
controller can be implemented in an external application. So servo-systems with 
geometric non-linearities can be modeled in Working Model in combination with 
Matlab. The validation is done by implementing an existing four beam mechanism, the 
ADAT. 

Worki~g Model is a two dimensionai rigid multi body package. Working Model runs 
under Microsoft Windows and is very easy to learn. The ADAT was implemented very 
quickly in Working Model. Real time communication with external applications is 
possible. This is called dynamic data exchange. One of such external applications is 
Matlab. In Matlab a controller is implemented for the ADAT, which can be done very 
simply. Working Model has not the possibility to determine directly frequency 
responses. But using DDE, the time response can be transferred into a frequency 
response in Matlab. These fi-equency responses are reliable. 

As mentioned the ADAT was implemented in Working Model and a controller in 
Matlab. The geometric non-linearities are seen in simulations. So Working Model is 
very suitable to model servo systems with significant geometric non-linearities 
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a 

The subject of this research is the validation of Working Model, a two dimensional 
rigid multi body software package. Working Model is a simulation tool in which mass 
and geometry properties have to be added to the bodies. This adjudication of mass and 
geometry properties to the bodies makes Working Model differ froni most simulation 
tools. This makes Working Model suitable for simulating geometric non-linearities. A 
system with sigrifcant geometric non-linexities in sombin&m with a controller can 
result in irnexpected sihations. So it is very usehl to mode! a system with significant 
geometric non linearities together with a controller correctly to avoid unexpected 
siîuations . 

Working Model models the geometric non linearities but does not have the possibility 
to implement a controller. However Working Model can communicate with external 
applications. This communication is real time so it could be possible to implement a 
controller in an external application. Matlab is an application that is suitable for this 
purpo se. 

ho ther  problem is the controller design. Designing a stable controller is mostly based 
on the frequency response of the system to control and the bandwidth in which the 
system has to perform. The frequency response of a system can not directly be 
determined in Working Model, so the frequency response has to be determined in an 
alternative way. Matlab offers a possibility to do this. Matlab uses the time response of 
a system to determine the frequency response of a system. 

So with Working Model and Matiab it should be possible to model a controlled system 
with geomet3ic non-îinearities correctly. The Philips ADAT, an existing for beam 
mechanism with significant non iinearities is used as an example to investigate this. 
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Mode% 2. 

2.1 What is orking Mode1 ? 

Working Model is software of Jkowledge Revolution. Tkis software runs under 
Microsofî Windows. How to use Working Model is easy to learn. The manual [i] is 
easy to understand and after readkg the manura! you c m  s t2d  using Working Model. 
Knowledge Rev~lution oEers teshicd sqpcrt  to registered wers whm questions 
remain unanswered. This support consists of Internet access, fax support and 
telephone support. 

Working Model is a two-dimensional rigid multi-body software. Two-dimensional 
means that Working Model only works with models in the two dimensional plane. So a 
three-dimensional mechanism has to be reduced to a two dimensional model, as far as 
this is possible. Multi-body means that Working Model will model the mechanism as a 
finite number of bodies that are connected with each other. Between these bodies 
relative movement is possible. These relative movements are constrained by 
constraints. Rigid means that in Working Model only rigid bodies and constraints can 
be implemented, so no flexibility can be added to the bodies. However Working Model 
does model elasticity, but not in the meaning of flexibility. The elasticity in Working 
Model corresponds to the coeBcient of restitution used in simulating coillisions. 
Besides the bodies (objects) Working Model can work with controls, meters and 
external application interfaces. 

So real world mechanics can be implemented in Working Model with the restrictions 
that are mentioned. If this is done well, real world mechanics can be simulated on the 
computer. 

2.2 ires 

Ml bodies in Working Model have mass, inertia and other physical properties. As 
mentioned before, flexible bodies can not be implemented. All bodies have a certain 
geometry in the two dimensionai plane. According to the manual [ i f in Working 
Model all bodies are one millimeter thick, independent of the unit system YOU use. AU 
mass of a body is divided homogeneous over a body in Working Model. 

Four classes of constraints are in Working Model; linear constraints, rotationd 
constraints, joint constraints and forces and torque's. How to use these constraints can 
be found in the manual [if. 
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2.4 Meters and controls 

Meters display the measured values of the physical properties in a simulation. Controls 
are used to adjust simulation parameters before and while simulating, e.g., motor 
torque. The meters can be read manually or by an external application like Matlab and 
the controls can be defined manually or by an external application like Matlab too. So 
those two tools are the in- and outputs of Working Model. 

Application interface, measurements and controls are strongly connected with each 
other. As mentioned, meters and controls are the tools that are the inputs and outputs 
of a simulation in Working Model. Working Model uses an external application 
interface to communicate with an external application. Such an external application 
intertace can exchange data in real time using Dynamic Data Exchange (DDE). 

Working Model has other tools that are useful to create a simulation. How to use these 
tools you can read in the manual. These tools can define gravity, workspace, air 
resistance, animation, etc. 

In Working Model the accuracy influences the simulation resuits too. To get good 
results the accuracy has to be set correct. The accuracy can be set under the world- 
menu. Pay attention to Appendix A of the manual [ I] when setting the accuracy. 
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As mentioned in Chapter I, Working Model can communicate with external 
applications using an external application interface in combination with meters and 
controls. The manual says about this: "Working Model can exchange data in real time 
with external applications using Apple Events on the LMacintosh or Dynafic Data 
Exchange (DIE) on Windows. This featme diows 'Working ivfociei to exchange data 
with other applications once every animation step." This can be represented as shown 
inFigure3.1.1. 

Dynamic Data 

Working Model 2.0. 

Figure 3.1.1 
Communication between and Matlab 

This implies that data is sent to an external application, this application executes a 
command and data is sent back to Working Model. The applications under Windows 
that support BDE include : 

hficrosoft Excel 
Quattro Pro 

Mcrosofl Word for Windows 
(version 4.2 or later) 

How to implement an external application interface is described in the manual in 
chapter 9.14. - Real time Links with External Applications. Exercise 6 (Cruise Control 
using Matlab) in the tutorial 1231 is a good example how to use an external application 
interface with Matlab. Rumhg a simulation with Matlab as external application 
interface Working Model automatically starts up Matlab. 

For communication with Matlab, implementing an external application interface can be 
summarized as follows: 

1. 

2. 

Create meters and I or controls for the properties that you want to use for 
exchanging data with the external application 
Select a New Application Interface from the define menu. This gives the 
following icon : 
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nn connection 

Figure 3.2.1 
Icon of an unconnected application interface 

3. Double click the icon gives the following properties utility window 

Figure 3.2.2 
Properties window of an application intePface 

4. Click the Application button and choose application. In this case Matlab, 
C:\ ... \...ìmatlab.exe. The version of Matlab must be 4.2 or higher. (Browsing 
is possible; double click Application.) 
The document to link is always ENGINE in the case ofMatlab. 
Connect the inputs and outputs that have to exchange data with Matlab. You 
can attach a variable that will be known in Matlab as these in- and outputs. 
In the Initialize-box you can insert a Matlab-routine or function that is 
executed at the beginning of the simulation. 
In the Execute-box you can insert a Matlab routine or fiinction that is 
executed every frame. 

5. 
6 .  

7. 

8. 

The most general structure for the matlab routines in the Initialize- and Execute box is: 

inputs = name(output I , output2, . . . . .) 43.2.1) 

Where name is a function. 

3.3 Sequence of 

Using Working Model 2.0, data exchange between WM and an external application 
takes place as follows: 
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Initialize remote commands step O 
loop while simulation continues { 

get input data from external application 
mn simulation step 
send output to external application 
Execute remote commands 

step 1, 6,  11, ... 
step 2, 7, 12, ... 
step 3, 8, 13, ... 
step 4, 9, 14, ... 
step 5, 10, 15, .. 

end loop 

In the case where the animation step size and integration step size are both equal to 1 
and the external application is Matlab, the simulation will proceed as follows : 

At t=O 
WM sends the “Initialize” command to Matlab 
Matlab executes the “1nitia;liZe” command 
WM gets values for Inputs from Matlab 
WM integrates one step 
MiM sends values for Outputs to Matlab 
Matlab executes the “Execute” command 

A t t = 1  
WM gets values for Inputs from Matlab 
W integrates one step 
WM sends values for Outputs to Matlab 
Matlab executes the “Execzkte” command 

and so on. 

So the values send to matlab at t = O are the values after integrating one step, so the 
values at t = I. The values WM gets from Matlab at t = 1 are calculated at t = O, thus a 
one frame time lag is introduced, see Appendix A. This might introduce some error in 
the data. This problem is known and is corrected for in version 3.0 of Working Model, 
which is now available. 
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aieney response 

The stability of a system that has to achieve a certain behavior is very important. Most 
mechanisms are designed to achieve a certain behavior, so these systems have to be 
stable. Many stability criteria are based on the frequency response of a system. So to 
say something about the stability of a system, the frequency response of that system is 
needed. Working Model does not have the possibility to measure the frequency 
ïesyûiise diïectly. hì this chapter zltzxztives are mentioned how to detera2i;e the 
frequency response of a system. 

to determine a ~ r e ~ ~ e ~ ~ y  res onse from t 

The only response Working Model calculates is a time response of a given system. 
Now it is the point to find a way to determine the frequency response from time 
domain data. Matlab offers this possibility in two ways. The first is to use the 
powerspectra of the signals and the second method is based on an estimation of the 
system matrices. Both methods are described below. 

4.1.1 ~ r e ~ u ~ ~ ~ y  response based on the power spectra ofthe time signals 

The frequency response is the response of a system in the fi-equency domain. Workkg 
Model calculates the time response of a system, this is in the time domain. It is possible 
to transform time domain data to frequency domain data by using the Fourier 
transform. [Z] describes how to determine the frequency response for a linear system 
with I input and 1 output based on the time domain data. 

Given a linear system with I input and 1 output, see Figure 4.1. i. 1. 

Figure 4.1,á.l 
Representation of a Iinear system with input x(t) 
that results in an output y(t) 

The time signals x(t) and y(t) can be transformed to the frequency domain by the 
Fourier transformation: 

00 

F(x(t))  = XU) = Jx(t)ë2%2t 
-m 

(4.1.1.1) 

The autopowerspectra and crosspowerspectrum of x(t) and y(t) can be determined 
from X(Q and Y(f). The realtion between X(Q and Y(f) is: 
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It is possible to determine the frequency response and coherence from these 
autopowerspectra and crosspowerspectrum. 

If the autopowerspectrum S,(f) and crosspowerspectrum S,(f) are estimated, an 
estimation of the frequency response Hq(f) can be made as follows: 

(4.1.1.3) 

With the coherence yq2(f) as a measure for the part of the output signal that comes 
from the input signal: 

(4.1.1.4) 

The coherence lies between O and 1. If the coherence is 1 the output signal can be 
completely explained by the input signal. A coherence much smaller than 1 means that 
the output data can not be compktely expiained by the input signal. This can be due to 
a low signal I noise ratio or non-linear system behavior. The relation between time 
domain and frequency domain is represented in Figure 4.1.1.2. 

Figure 4.1.12. 
Schematic representation from time domain 
to coherence and frequency response. 

The estimation as described is based on the time response. This all is calculated in the 
Matlab routine SPECTRUM gom the signal toolbox, that returns the frequency response 
and coherence of a time response. 
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4.1.2 Frequency response based on an estimation of the system matrkes 

This estimation is based on the time response too. Suppose that the system can be 
described as follows: 

Hence: 

Where y(t) is the output signal and u(t) is the input signal. 

(4.1.2.1) 

(4.1.2.2) 

(4.1.2.3) 

(4.1.2.4) 

The system matrices can be fitted to the known input and output slgal. An estimation 
of the frequency response is H(q). 

In the case ofa single input single output system i111 ARX model is sufficient to 
determine the frequency response. An model can be represented as follows: 

(4.1.2.5) 

(4.1.2.6) 

(4.1.2.7) 

This method is available in the ident~fication toolbox of Matlab. The used routkes are 
ARX and TRF, see Appendix B. 

The quality of the results depends on the accuracy and size of the dataset. The higher 
the accuracy the better the results will be. Calculation time becomes larger to realize 
higher accuracy. Larger datasets will also increase calculation time. 

When you compare frequency responses of simple systems with the theoretical 
frequency response of these systems you see that the differences are small, see 
Appendix C. The difference in magnitude is determined as follows: 

9 



The difference in phase is determined as follows: 

difference in phase = Iphase - phasem I (4.2.2) 
tliEQietiC.31 

For example the fi-equency response, determined with SPECTRUM and ARX, of a mass- 
spring-damper system in Working Model with a positional error of 1 e-6 m gives a 
maximum difference in magnitude of 5 dB for SPECTRUM and 2 dB for ARX in the area 
between 1 and 10 Hz, see Figures 4.2.2 and 4.2.4. Frequencies up to one tenth are 
reliable, kgher frecpeal;ies are less reEabk. The m z ~ m w ì î  of 5 dB is aeaï the ïesonace 
fkequency, for other fïeqm3cies the diffierence is smaller than 3 dB, IVFICE, is 
acceptable. 

log(fwEncy) ik1  

Figure 4.2.1 
Magnitude of Working Model response 
(spectrum) and theoretical magnitude 

log(fiequency) BI 

Figure 4.2.2 
Diffi-ence in magnitude between Working 
Model (spectrum) and theoretical 
response 

log(frequensl [HZ1 

Figure 4-23 
Magnitude of Working Model response 
(am, n=7) and theoretical magnitude 

log(freqmncy) WI 

~~~~~~ 4.2.4 
Diffi-ence in magnitude between Working 
Model (am, n=7) and theoretid 
response 

The difference in phase is iess than 45 degrees between i and 1û Hi, see Figures 4.2.6 
and 4.2.8. 

10 



I I I I 
-1 O 1 2 

Wfrequency) i*] 

Figure 4.25 
Phase of Working Model (spectrum) 
response and theoretical phase 

-1 O I 
logjfrequency) [Hz] 

Figure 4.2.7 
Phase of Working Model (am, n=3) 
response and theoretical phase 

I 8 O ~  135 

I 
2 

Difference in phase between Working 
Model (spectrum) and theoretical phase 

Figure 4.2.8 
Difference in phase between Working 
Model (am, n=7) and theoretical phase 

For simulations with Matlab this difference is not significant, see Figinre 4.210. The 
fact that the difference for the Working Model simulation significant is, is due to the 
sampling. Sampling introduces an additional time delay, so it introduces a phase lag. 

11 



""I I I I I 

-1 

Figure 4.2.9 
Phase of Matlab (am, n=7) 
response and theoretical phase 

2 

Figure 4.2.10 
Difference in phase between Matlab 
(am, n=7) and theoretical phase 

So if you use the right settings in simulation and calculation, it is possible to determine 
a good frequency response of a system implemented in Working Model. It can be 
useful to use the SPECTRUM and ARX/F"R routines next to each other. This because 
fitting gives a smoother frequency response, especially for the phase, and the 
comparison with SPECTRUM to see you chose proper orders of the system matrices. 
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c 
In the previous chapters it is mentioned how Working Model communicates with 
external applications and how frequency responses can be determined. A controller, 
that gives a stable closed-loop response, can be designed with the help of frequency 
responses o f a  system. In this chapter a real mechanism known as the ADAT will be 
implemented in Working Model. Matlab will calculate the frequency response of this 
mechanism fiom the time domilr;n data fïom 'TVoïking Model. A controllei- has been 
designed so the ADAT can perfom certzifi desired movemer;ts. The desired 
movements and realized movements will be compared. 

During production of IC's, a wafer-die or crystal has to be picked up from a wafer 
and placed on a lead frame. The PIDAT, a Philips die bonder, can do the above 
mentioned operations, i.e., to pick and place dies. This has to be achieved with a high 
accuracy. This high accuracy is reached by using a cleverly designed four-beam 
mechanism. So the D A T  can be modeled as a four-beam mechanism, see Figure 
5.í.1. 

transfer arm 

Figure 5.1.1 
The ADAT modeled as a four beam mechanism 

The crank is driven by a motor and the transfer arm commutes between two extreme 
positions, when the cra& rotates, see Figure 5.1.2.. When the transfer arm is in the 
right extreme position, 8 is about 30 degrees. And when the transfer arm is in the left 
extreme position 8 is about 210 degrees. In these positions the unit at the tip ofthe 
transfer arm has to pick or place dies. Whether the unit picks or places a die depends 
on the position of the transfer arm. The cllevemess of the four-beam mechanism is in 
the chosen geometry, see Appendix E. This geometry makes that the position ofthe tip 
in the extreme positions stays within the tolerance boundaries when the angle of the 
cïmk vaïies wittin the reso!utioil ofthe angle ir,easixremezts. Ir, cther WQ&, the 
relative displacement of the tip is much smaller than the relative displacement of the 
crank in the extreme positions. 
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An other problem is that the tip of the transfer arm has to move fi-om the one extreme 
position to the other. The extreme positions have to be reached by the tip of the 
transfer arm within a certain time and has to be kept a certain time so the pick or place 
action can take place. This can be realized by implementing a controller which makes 
the transfer arm to follow a certain trajectory. For this controller and trajectory the 
angle of the crank, 8, is measured. An other parameter that is used is cp. cp is O degrees 
for the place position and 180 degrees for the pick position. (for corresponding 8 see 
Appendix E ) 

- place 
- - pick 

Figure S.P.Z. 
Pick 2nd place positions of the ADAT 

Y ics 

Working Model sees ail masses as rigid bodies. In this case only the rigid body 
dynamics have to be considered. 

[3] gives the rigid body dynamics that can be described by the equation of motion: 

= k1 d(0)0 
dt 

(5.2.1) 

The inertia J(8) depends on the angle 8, and the motor is modeled as static gain. 
Equation 5.2.1 is equal to 

J(0)S + J(0)G = k1 (5.2.2) 

Hence, 

14 
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This equation shows that when the angular speed is high, and recalling the fact that the 
inertia changes rapidly, the additional nonlinear term adds damping (either positive or 
negative) to the system dynamics. 

Linearizing the system in each operating point (3 = 0, f = O), the following model is 
obtained: 

J(8)8 = kI (5.2.4) 

In which cb demtes the cperating point, and where 9 and I now dmote s r n d  
perturbations around the operating point. Equation 5.2.4 shows that in each operating 
condition as defined above, the rigid body linear model has a standard double 
integrator structure, of which the gain is a function of the operating point. 

The ADAT is modeled in Working Model, see Figure 5.3.1 and appendix F. 

Figure 5.3.1 
The ADAT modeled in Working Model 

The values and parameters of this model can be found in Appendix E. 

5.4 ~ ~ ~ q ~ e ~ ~ y  response of the ADA 

The dynamics of the ADAT die bonder mechanism depend strongly on the position of 
the beams, just like its inertia. If the ADAT is modeled and implemented in Working 
Model correctly, the results of sirnuIations should be the same as the theory. 

The inertia of the ADAT strongly depends on position, so the frequency responses 
depend on the position of the ADAT. The frequency response is determined for cp = O 
degrees (Figure 5.4.1) and q = 90 degrees (Figure 5.4.2). Fit with ARX (the order of 
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both system matrices A and €3 is set to 7) and SPECTRUM (size of the datset is about 
2000, so the sequence size N = 512 and the overlap m = 500). 

I I I 
1 2 3 

iosihequency) [Hzl 

Figure 5.4.1 
Magnitude of the ADAT, cp = O 

h equivalent inertia can be estimated from these frequency responses. This because in 
each operating point the model has a double integrator structure. The equivalent inertia 
can be estimated as foIlows: 

(5.4. 1) 

Filling in points from Figures 5.4.1 and 5.4.2: 

?(q = O) = 2.1 e-4 Ns2/rad 
j(p = 90) = 9.6 e-4 Ns2/rad 

This seems realistic because the theoretical and estimated equivalent inertia are of the 
same magnitude, see Appendix G. 

A certain behavior is desired, so a controller has to be implemented to realize this 
behavior. Chosen is to implement a PPD controller with acceleration feedforward. A 
filter has to be implemented to eliminate unknown higher order dynamics, noise has to 
be added to the measured angle to create a realistic sirnulation and a motor restriction 
has to be implemented to create a realistic simulation too. These mentioned parts are 
designed and implemented, see Appendix H. This can be represented as foliows: 
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position 

-0 2 

Figure 5.5.1 
Controller scheme for the ADAT 

The design of the parameters of all elements is done in Appendix H. The chosen 
parameters are: 

fb,PID 
P 
I 
D 

filter 
noise 
torque limitation 

yfeeúforward 

= 60Epz 
= 9.4 
= 354.0 
= 0.075 
= 2.6 e-4 Nm s2 
at 300Hz 
= O.l*(rand - 0.5) 
= 1.7Nm 

With these parameters you get results as follows: 

Time domain 

The used parameters are the parameters chosen in Appendix H.7.5 and mentioned 
before. The trajectory is the trajectory described in Appendix H. i. 

In Figures 5.5.2, 5.5.3 and 5.5.4 the ADAT is controlled vinth a P D  controller, 
Appendix H.2. Figure 5.5.2. shows the position ofthe crank, Figure 5.5.3 shows the 
position error of the crank and Figure 5.5.4 the torque on the crank. 

200 

7 3  

gl50 

9 
al 

1 

g 100 

a 
c O 
P 

50 

O O 1  0 2  0 3  0 4  0 5  
O 

Time [sec] 

Figure 5.5.2 
Position of the crank for ody PID 
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Figure 5.5.4 
Torque on the crank for only PID 

The trajectory from place to pick exists of three parts, first a positive acceleration, 
second no acceleration and as last an acceleration equal to the first acceleration but in 
the opposite direction. The torque is expected to have a symmetric shape with a 
positive maximum equal to the negative maximum apart from the direction. Figure 
5.5.4 shows an other development ofthe torque. This other torque can be explained by 
the geometric non-linearity of the 

In Figures 5.5.5, 5.5.6 and 5.5.7 feedforward, see Appendix H. 3 ,  is added to the P D  
controller. 
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Position of the crank for PIB with 
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Position error of the crank for P D  
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Figure 55.9 
Torque on the crank for PID with feedforward 

The additional feedforward improves the behaviour of the crank. The pick and place 
position of the ADAT are reached earlier. 

Because the motor has a maximum torque it can supply, in the simulations the torque 
is limited. in Figures 5.5.8,  5.5.9 and 5.5.1 O the ADAT is controlled with a P D  
controller and the torque is limited at 1.7 Nm, see Appendix H.5.2. 
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Figure 5.5.8 
Position of the crank for PID with 
limitted torque 

O 25 

0 2  

015 

5 oz 

5 0  

?2 
y O05 
ET 

o 5 -005 
t 

a-O15 

g -01 

~~ -0 -0 25 2 O O 1  0 2  03 0 4  0 5  

Time [sec] 

Figure 5.5.9 
Position error of the crank for P D  with 
l i t t e d  torque 
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Figure 5.5.3163 
Torque on the crank for PID with limited 
torque 

Limiting the torque makes the behaviour worse, but stresses the fact that the ADAT 
has geometric non-linearities. The maximum torque is reached for slowing down, but 
the maximum torque is not reached for accelerating. 

AT is controlled with a P D  controller together with feedforward, the 
torque is limited, the to 
PI. The behaviour o f t  

is filtered and measurement noise is added, see Appendix 
AT is showninFigures 5.5.11, 5.5.12 and 5.5.13. 
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Figure 5.5.13 
Torque on the crank 

When the ADAT is controlled and modeled with measurement noise and torque 
limitation, it behaves well. The pick and place positions can be reached and held within 
the desired accuracy. 

Frequency domain 

The frequency response depends on the position in which the MIAT Is. For two of 
these positions, cp = O degrees and cp = 90 degrees, the fi-equency response is 
determined. This frequency response is determined by holding the ADAT in the desired 
position by the corresponding setpoint and measuring the input and output signals. The 
fi-equency response is determined with both methods, ARX and SPECTRUM. The 
magnitude and phase are plotted in the Figures 5.5.14 up to and inciudíg 5.5.17. The 
left plots are for O degrees and the right plots are for 90 degrees. For the phase you 
have to correct the S P E C T R ~  results because an angle of- 7t: Is equal to a phase of .n. 

*a3 
log(frequency) [Hz] 

Figure 5.5.14 
Magnitude for cp = O 
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Figure 5.5.15 
Magnitude for cp = 90 
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Communication between Working Model can be realized very simply. This 
communication is reliable with a high accuracy. 
The time response of the simulation in Working Model can be easily transferred to 
Matlab and can be used to determine a reliable frequency response. 
Simulations in Working Model are discrete, so controlíer settings and sampiing 
frequency must be chosen correctly. 

e Investigate how easy or difficult it is to implement flexibility correctly in Working 
Model, because Working Model has not the possibility to do this directly. 

8 Investigate how reliable the frequency responses of systems with flexMity in 
Working Model are. 
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ix A - e Ba 

Example with Working Model in combination with Matlab to illustrate the one frame 
time lag that is introduced. 

Essential settings of Working Model: 

Gravity : 
Accuracy : 

Mass : 
Force : 
Meters : 
External application : 

none 
Runge Kutta o, 
integration time = variable 
animation time = 0.02 sec;. 
circle with mass = 1 kg 
on the mass, calculated in lVl!v!í ( Z*sin(t)) 
force on mass, position of mass and time 
application = Matlab 
initialize = - 
execute = timelag 
inputs =no 
outputs = time, force, position 

Matlab time1ag.m: 

global T 
global X 
global F 

T=[T time]; 
X=[X position]; 
F=[F force]; 

Ifyou plot the values Matlab saved (plot(T,P)) versus 2*sin(t) and blow this up, you 
get Figure A. 1. The time is shifted 0.02 seconds. 

0.1 O 0.1 0.2 0.3 0.4 0.5 - 0 . 6  time [sec] 
Figrare A.I. 
Two sines, one calculated in Matlab the other 
in Working Model 
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You see a time lag equal to one times the animation time (0.02 seconds) between the 
data from Working Model and 2*sin(t). 
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As mentioned the Matlab routines SPECTRUM, ARX and TRF have been used to 
calculate the frequency response of tirne responses. 

The help text of the SPECTRUM routine is: 

SPECTRUM Power spectrum estimate of one or two data sequences. 
P = SPECTRUM(X,Y,h.I) performs FFT analysis o€the two sequences 
X and Y using the Welch method of power spectrum estimation. 
The X and Y sequences of N points are divided into K sections of 
h.I points each (M must be a power of two). Using an M-pint FFT, 
successive sections are Hanning windowed, F'FT'd and accumulated. 
SPECTRUM returns the W2 by 8 array 

where 
P = [Pxx Pyy Pxy Txy Cxy PXXC P y j ~  PwC] 

Pxx = X-vector power spectral density 
Pyy = U-vector power spemal density 
Pxy = Cross spectral density 
Txy = Complex transfer furidion from X to Y 

Cxy = Coherence hc t ion  between X and Y 
Pxxc,Pyyc,Pxyc = Confidence range (95 percent). 

(Use AES and ANGLE for magnitude and phase) 

See SPECPLOT to plot these results. 
P = ~ P E C ~ ~ ( ~ , Y , M , ~ O ~ E ~ )  specifies that the M-point sections 
should overlap N O W E A P  points. 
Pxx = S P ~ C ~ ~ ~ X , ~  md S P ~ C T ~ ~ ( X , M , N ~ ~ ~ ~ )  return the 
single sequence power spec- and confidence range. 

This routine returns the frequency response based on the time response of a system. 
The only parameters that need more explanation are M and NOVERLAP. 

M determines the size ofthe sections on which the FFT is applied. M must be large 
enough so you have enough datapoints to determine a good FFT. M must be not to 
close to the size ofX and Y, because YGU middle the results ofthe FFT's of each 
section. M must be a power of two. A good value for M is the closest power of two 
near half the size of the input or output data. 

The higher NOVERLAP is the more sections SPECTRUM can make out of the dataset 
to detemhe the FFT. The higher NOVIERLAP is the better the result of SPECTRUM 
will be. 

You get the best result of SPECTRUM for a large dataset, with M at about hallfthe 
datasiae and with a NOVERLAP that is 90 % of M. The only thing to take into 
account is the memory and calculation time of Matlab. When the chosen parameters 
make SPECTRUM take to many sections or to many points odt of the dataset, memory 
problems occur and calculation time will be large. 
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The frequency response can be plot using SPECPLOT, but this gives a linear scale for the 
frequency and modified values of the frequency. An other method to plot the frequency 
response is to define a frequency matrix. The number of fiequency points is equal to 
0.5*M. The frequency begins at f = O and ends at half the sampling frequency you 
used. So the frequency matrix can be defined as follows: 

f = O : fsampleíM : 0,5*fsam - fsa& ; (€3.1.1) 

When you have the right frequency matrix you can plot the magnitude fabs0>(:,4))), 
the phase (angkQ?(:,4))) zfid the coherence (P(:,S)) against the fiequeficy (€1. 

.2 Arw I trf 

The help text of ARX routine is: 

ARX Computes LS-estimates of ARX-models 

TH = am(&") 

TH: returned as the estimated parameters of the ARX model 

along with estimated covariances and structure information. 
For the exact structure of TH see HELP THETA. 

Ml) Y(t1 = B(q) u@-m + e(t1 

Z : the output-input data Z=[y u], with y and u as column vectors. 
For multivariable systems Z=jjyi y2 _. yp UP u2 .. um). For time series 
Z=y only. 

NN: NN = [na nb nk], the orders and delays of the above model. 
For multi-output systems, NN has as many rows as there are outputs 
na is then an nylny matrix whose i-j entry gives the order of the 
polynomial (in the delay operator) relating the j:th output to the 
i:& output. Similarily nb and nk are nylnu matrices. (ny:# of outputs, 
nu:# of inputs). For a time series, "=na only. 
Some parameters associated with the algorithm are accessed by 
TH = arx(Z,NN,maxsize,T) 
See HELP AUXVAR for an explanation of these and their default values. 

And the help text of the TRF routine is; 

TRF Computes a modei's frequency function. 

G = trf(TH) or [G,NSP] = tr€(TH) 

TIS: A matrix defining a model, as described in HELP THETA 
G is returned as the transfer function estimate, and NSP (if specified) 
as the noise spectrum, corresponding to the model TH. These matrices 
contain also estimated standard deviations, calculated from the 
covariance matrix in 'KI, and are of the standard frequency function 
format (see HELP FREQFUNC).If TH describes a time series, G is returned 
as its spectrum. 

If the model TH has several inputs, G will be retilrned as the transfer 
functions of selected inputs # j 1 j2 . . jk by 
G = trf(THJj1 j2 ... jk]) [default is all inputs]. The functions 

28 



are computed at 128 equally spaced frequency-values between O(exc1uded) 
and piPT, where T is the sampling interval specified by TH. The func- 
tions can be computed at arbitrary frequencies u' RtaD/S, (a row vector, 
generated e.g. by LOGSPACE) by G = trfíJX,ku,w). The transfer function 
can be plotted by BODEPLOT. bodeplot(trf(TH)) is a possible 
construction. Ethe model TH has several outputs, G will be returned 
as the frequency function at selected outputs ky (a row vector) by 
G=trfm,ku,w,ky); @e€auit is all outputs). See also TH2FF. 

ARX determines a matrix th that includes the matrices A and B of the ARX-model. The 
result of the frequency response YOU detemine vsth ARX 2nd TRF depends stmngly on 

order, you could compare the result with the result of SPECTRUM, paying attention to 
the coherence of the SPECTRUM results. For nk you chose O, because you assume there 
is no timelag. 

thn Llik n r A n r  viubi x r n - 7  ywu .-LA kllwoJk c n  fnr lvl +hn L1lb A 2zd U m2t:',Rces. To see i fya t  h2xv7e cl iese~ the right 

With th you do not have a frequency response. The frequency response can be 
determined with the TRF routine and the output, th, of ARX. You get H simply by 
typing: 

H = trf(th); (B.Z. 1) 

Next you must define the proper frequency matrix, farx. TRF assumes that the response 
is determined for 129 freqrrencies from O to half the sampling frequency: 

farx = O : fsad256 ; O.S*fsam ; (B.2.2) 

If you have done this you can plot the magnitude (H(:,2)) and the phase (H(:,3)) 
against the frequency (farx). 
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QW comparing responses 

The only response Working Model can calculate is a time response. Matlab can 
calculate a frequency response out of this time response. The question is how far the 
time response and corresponding frequency response are comparable with the real 
frequency ïespolise. Freqieixy responses of Vlarhg Model, Matlab md theoretical 
frequency responses are compared to check how good the time and frequency 
response of Working Model are. The systems to implement have to be very simple so 
that the exact frequency responses are known. For a single mass system and a mass- 
spring-damper system the exact fi-equency responses can be easily calculated by 
Matlab. The frequency response of a single mass system can even be determined 
analytically. 

Two systems were implemented to compare the frequency responses with the 
theoretical eequency response. First a single mass system is implemented in Simulink 
and the input signal is offered to the same system in Working Model and Matlab. The 
output signais have been compared in time and ii-equency domain. M e r  this 
experiment a mass-spring-damper system is implemented in MatPab and the same input 
signal is offered to Working Model. The output signals have compared too. The result 
ofthis comparison gives an idea how good a frequency response of data from Working 
Model is. 

The system that has been implemented is a single mass of 1 kilogram. This system was 
implemented in Simialink, Matlab and Working Model. The simulation results were 
transferred to the frequency domain by the use of matlab’s SPECTRUM routine and have 
been compared with the theoretical response. The system has been impfemented in the 
several applications as follows: 

Simulink 

The single mass system is implemented in Simulin?, see Figure C.2.1. 
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Figure C.2.P 
Implementation of a system in Simulink with A, B, C and D matrices 

The mass is 1 kilogram so the system equations are as follows: 

(C.2.1) 

y=Cx+Du=[~O]x+[O]u  (C. 2.2) 

The input signal is generated by the addition of following three signals with a sample 
frequency of 100 Hz: 

u1 = 1 *sin(5O*t); (sinewave) 
u2 = 2*sin(150*t); (sinewave 1 
u3 = 3*(rand - 0.5); (signalgenerator) 
U = u1 + UZ+ u3 (sum) 

(C. 2.3)  
(C.2.4) 
(C.2.5) 
(C.  2.6) 

Sirnulink calculates the time response. The time response is calculated for 999 time 
steps of 0.01 seconds. The fact that the timestep is 0.01 seconds is due to the fact that 
the signal generators have been set to a sample frequency of 100 PPZ. The integration 
method is Runge Kutta 5 with a tolerance of le-10, maximum stepsize of le-IO and 
minimum stepsize of le-20. 

The frequency response has been determined using the Matlab routine spectrum. The 
S P E C ~ U N I  routine is described in Appendix B. I. The parameters of SPECTKUM have 
been set to: 

section of N points; N = 512 
overlap; m = 500 

Matlab 

The input signal Sirnulink has generated, the time signal from Simulink and ths 
corresponding system matrices (A, €3, C & D) have been inserted in the Matlab routine 
LSIM. This routine returns a time response for an input signal in combination with the 
corresponding time signal. This time response was transformed to the frequency 
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response by using the SPECTRUM routine in the same way as was done for the Simulink 
results. 

LSIM uses the LTITR - function and a zero order hold for the input signal. How LTITR 
calculates the time responseis unknown because LTITR is a built in function. 

Working Model 

A single mass is represented by a circle with a mass of 1 kilogram in Working Model. 
ani external application interface with Matlab in combination with the proper control 
ancl meiers is added io the VJClrkhg ?&ode! system. The amrn2tm~ &eyuency has beer, 
set equal to the sample frequency of Simulink to get the same timesteps as in the 
Simulink simulation. The integration method of Working Model has been set to Runge 
Kutta 4 with a positional error of 10e-14. Matlab offers every frame the input signal 
Simulink has generated to Working Model, by using DDE. Working Model returns the 
time and time response to Matlab. Matlab stores these data. 

* I  

The results of this Working Model simulation been have transferred to the frequency 
response in the same way as has been done for the Simulink and Matlab results. The 
only difference is that the time response of W-orking Model is corrected for the time 
lag introduced by using DDE as mentioned in chapter 2. 

Theoretical 

The single mass system is represented by the following transfer function: 

1 H(s)  = 7 
s 

This can be written with polynomials as follows: 

(6.2.7) 

(C.  2.8) 

The num and den in combination with the o, which are the same as for the other 
responses, me inserted in the Matlab routine BODE. This routine returns the frequency 
response for this system. 

In Figure C.2.2 you see the plotted results in the time domain (the timelag of Working 
Model is corrected for) and in Appendix D. 1. the plotted results in the frequency 
domain for the single mass system as described before. 
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tirne"[sec] -0 5- O 2 4 6 8 

Figure c.2.2 
Respose of the one mass system in Simulink, 
Matlab and Working Model in the time domain. 

The difference in the time domain is due to different tolerance and integration methods. 
For example you create a cosine signal for the force (F = Z*cos(lO*(t-O.OI))) on a I 
kg mass for a certain time (0.01 sec.) in Working Model (integration method is IK-4, 
tol = le-IO). The same signal you offer to the Matlab LSM routine and you determine 
the exact response (this is possible for a cosine). YQM compare these responses, see 
Figures C.2.3 & C.2.4, and you will see a difference due to the difference in integration 
method. 

position positionx ,o 

Working Model 

Exact response 

.......... 

Matlab - - - - - - - 

time [sec] time [sec] 

Figure 6.2.3 Figure 6.2.4 
Response of a mass 
on a sine 

Figure C .  2.3. enlarged 

The system is a mass-spring-damper system with the following parameters: 

spring constant: k = 2000 I-'m] 
damping constant b = 10 pslm] 
mass m = 1 [kgl 

This gives the following system equation: 
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X=Ax+Bu= io -1 -1 ' 1  X f  

ik bi 
y=cX+Du=[lo]x+[0]2k 

. .  

O 
1 
.m. 
- 

The transfer function can be represented as; 

1 
-0.0005 -0.1 

(C.3.2) 

This can be written with polynomials as follows: 

(C.3.3) 

(C.3.4) 

The frequency response has been determined for the simulation with Working Model 
and for the Matlab time response based on the same input signal. The theoretical 
frequency response is used as reference to compare with the responses of Working 
Model and Matlab. This theoretical frequency response has been calculated in the same 
way as described for the single mass system. The time responses are not compared 
because they differ and the real time response is unknown. In the case ofthe mass- 
spring-damper system the frequency response is also determined by fitting the datasets 
to the system matrices. This is done by using Matlab's ARX and TRF routines. 

Matlab 

The time and fi-equency response have been calculated in the same way as described 
for the single mass system. 

The frequency response ofthe fitted system matrices I s  determined as follows: 
With the Matlab routine ARX and the time response the system matrices are fitted. 
Next the frequency response is calculated with the Matlab TRF routine. The chosen 
model is ARX and the order of both matrices A and B is 4 and 7. 

Working Model 

The fi-equency response has been calculated in the same way as described for the single 
mass. The time response has been determined almost in the same way as described for 
the single mass system. The difference is that a damper and a spring, with the 
mentioned constants, have been added. These constraints have been connected to the 
background and to the mass. The positional error has been changed to le-6 instead of 
le-14 to speed up calculation. The decrease ofthe positional error leads to a noisier 
frequency response. 

The frequency response based on the fitted system matrices is determined in the same 
way as described for the mass-spring-damper system in Matlab. 
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Results 

In appendix D.2. you see the plotted results in the fiequency domain for the mass- 
spring-damper system as described before. 
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%ation results an the en- 

I 

ne mass system 

Simulations for a system excisting of one mass. The mass is 1 kg. 
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Magnitude €or the simulation in Matlab 
and the theoretical magnitude 

Figure D.l.3 
Phase for the simulation in Matlab 
and the theoretical magnitude 
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Figure D.1.2 
Difference in magnitude between the 
theoretical response and the Matlab 
response 

Figure D.1.4 
Difference in phase between the 
theoretical response and the Matlab 
response 
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Magnitude for the simulation with Wor- 
king Model and the theoretical magnitude 

Difference in magnitude between the 
theoretical response and the Working 
Model response 

Figure D.P.11 
Phase for the simulation with Working 
Model and the theoretical phase 

Difference in phase between the 
theoretical response and the Working 
Model response 
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Figure D.d.14 
Difference in phase between Working Model and 
Matlab response 
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D.2 Mass-spring-damper system 

Simulations for a system excisting of a mass, spring and damper. The mass is 1 kg, the 
spring has a spring constant of 2000 Nlm and the damper has a damping constant of 10 
Nslm. 
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Figure D.2.3 Figure D.2.4 
Phase of Working Model (spectrum) 
response and theoretical phase 

Difference in phase between Working 
Model (spectrum) and theoretical phase 
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Figure D.2.11 
Phase of Working Model (am, n=4) 
response and theoretical phase 

Diffrence in magnitude between Working 
Model (am, n=4) and theoretical 
response 

Figure D.2.32 
Difference in phase between Working 
Model (am, n=4) and theoretical phase 
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Magnitude of Working Model response 
(am, n=7) and theoretical magnitude 

Difience in magnitude between Working 
Model (am, n=7) and theoretical 
response 
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Phase ofMatlab (am, n=4) 
response and theoretical phase 
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(am, n=4) and theoretical phase 
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The ADAT is a four beam mechanism, that exists ofa  crank, a Pinker and a transfer 
arm, with a geometry as shown in Figure E. 1.1. 

60 

Motor 

Figure E.1.l 
Geometry of the ADAT as four beam mechanism 

All beams are made of aluminum. Aluminum has a density of 2.7e-3 kg/mm3 

3E.P.B Angle of the crank f ~ r  the pick and place ~ ~ ~ i t ~ o ~  

The extreme positions ofthe transfer arm are those positions in which the crank and 
the linkage are in h e .  The angles the crank makes with the horizontal position are 
calculated by Equations E. 1.1.1, E. 1.1.2 and E. 1.1.3 corresponding to Figure E. 1.1.1. : 
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Figure E.l.P.1 
Angles in pick and place position of the ADAT 

With: 

a = 120 mm 
bi = 120 mm 
b2 = 240 mm 
C = 208 mm 

Angle for the pick position:: 

a2 = b; + c2 - ~ ~ , c c o s ( ~ , )  

gives: 

al = 0.5223 radians (about 30 degrees) 

Angle for the place position: 

a2 = (bl + b2)2 + c2 - 2b1ccos(a,) 
a2 = a ,  + 7c 

(E. 1.1.1) 

(E. I .  1.2) 
(E. I .  1.3) 

gives: 

a2 = 3.664 radians (about 210 degrees) 

The small displacement of the tip ofthe transfer arm due to a small displacement o f9  
in the extreme positions, is much smaller than the displacement of 9. This can be 
shown by varying the angle of the crank, cp, and measuring the displacement ofthe tip 
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of the transfer arm. This can be done in Working Model by changing and reading the 
values in the properties ofthe crank and point 16. This gives: 

9180 = 3.664871 e0 [rad] xp16 = 2.880104 e-8 [m] 
Yp16 = 1.197331 e-1 [m] 

918OG<p = 3.662871 e0 [rad] xp16 = 2.543860 e-8 [m] 
Yp16 = 1.197332e-1 [m] 

6 9  = 2.0 e-3 [rad] 
6p16 = 1.0 e-7 [m] 

6xp16 = 3.4 e-5 [m] 
6yp16 = 1.0 e-7 [m] 

<po = 0.523278 e0 [rad] xp16 = 2.076923 e-i [m] 
YP16 = 2.399998 e-1 [m] 

<pO+ti<p = 0.525278 e0 [rad] Xp16 = 2.076921 e-1 [m] 
yp16 = 2.399998 e-1 [m] 

Oxpl6 = 2 e-7 [m] 
Gyp16 < 5 e-8 [ril] 

The angle cp = O degrees is most important because the dies are placed there. The 
displacement of the tip of the transfer arm is 2 e-8 m when the angle of the crank 
varies about the resolution of the encoder, 2 e-3 rad. This means that the dies can be 
placed with an accuracy of2 e -8 m. 

The simplified representation of the crank is shown in Figure E.2.1 

Figuse E.2.I. 
Simplified representation of the crank of the ADAT 

rP = rotation point 
cm = center of mass 

48 



bZcr& = 10 111111 
Z = 15 mm 

hcrank = 5 Jmn 

In Working Model the crank is modeled as a rectangle, see Figure E.2.2, with 
following geometry and properties. 

Pi 2 

Figure E.2.2 
The crank of the ADAT simplified to a rectangle 

Geometry : 

point pi is attached to: 
point p2 is attached to: 

the motor 
the linkage 

Properties : 

Used estimation of the mass ofthe crank is the average width of the crank * the length 
ofthe crank * the height of the crank * density of aluminum, this gives: 

To model the ADAT correctly the inertia ofthe motor has to be modeled too. The 
inertia of the motor and crank are combined in the inertia of the crank. 

The motor used in the ADAT is an Electro @ra& S-243-1A with following 
specifications: 
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Table E.2.1. 
Specification of the EIectro Craft S-243-IA 

The inertia of the Electrocraft S-243-1A motor is 0.52 kg-cm2. 

cm 
e-4 a MB 3 

The inertia of cranlk and motor on the driving axis is measured and appears to be 1 .O e 
-4 kg m’. To realize this an additional inertia has to be introduced besides the mass of 
the a2nk. T b  inertia ca~? be estimslted by using Steiner’s Iaw. 

Figure E.2.3. 
Steiner’s law for an rectangle 

With Scm the inertia round the axis through the center of mass. 

Jlp = 1.0 e -4 kg m2 

Used estimation of the inertia of the crank; 

2 
Jcm = JT - mcra*a2 = 0.69 e -4 kg m 

= 0.69 e -4 kg m2 
A - J crank - 

(E. 2.2) 

(E.2.3) 
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.3 Geometry and ertles of the linkage 

The simplified representation of the linkage is shown in Figure E.3.1. 

A s(- b B 

Figure E.3.P 
Simplified representation of the linkage of the ADAT 

b - b  

In Working Model the linkage is modeled as a rectangle, see Figure E.2.2, with 
foliowing geometry and properties. 

Geometry : 

point pi is attached to: 
point p2 is attached to: 

the crank 
the transfer arm 

Prooerties : 

The linkage is modeled as three separate masses. Used estimation of the mass ofthe 
linkage is the sum of the separated estimated masses. 

I% part A = @p&C =IA*bA* hA* p = 24gr (E.3.1) 
* = 8 gr (E.3.2) 

(E.3.3) 
m par: B 

2 linkage 

= ($c/q2 * 7& * IC * p 
= 2  * I%padA + fipa,B = 56gr 

Estimation of the inertia of the linkage is the sum of the inertia of the separated parts. 
The inertia is calculated to the center of mass of the complete linkage. Because the 
linkage is modeled to be symtnetric, the center of mass is exactly in the middle ofthe 
linker. 
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EA Geometry and properties of the transfer arm 

The simplified representation of the transfer arm is shown in Figure E.4.1. 

d b 

c - c  

Figure E.4.P 
Simplified representation of the transfer arm ofthe ADAT 

The transfer arm is built offour parts, a cylinder and three beams with the same 
geometry. The three beams form a PI-profile. Cm is the center of mass of the complete 
transfer arm and rp the rotation point of the complete transfer arm. 

ZC = 70 mm ~ 1 = ~ 2 = ~ 3  =60= 
di = 20 mm do =30mm 
i = 260 rnm b = 25 ii"irii 
h = 25 mm d = l m m  

In Working Model the transfer a m  is modeled as a rectangle, see Figure E.2.2, with 
following geometry and properties. 

Geometry : 

Itransfa arm = 2 4 0 m  
btramfa arm = 1Omm 
h n s f e r  aim = 120mm 

point pl is attached to: 
point p2 is attached to: 

the linkage 
the background 

Proaerties : 

The mass of the transfer arm is equal to the sum of the masses of the four parts: 

mbeam = p + l * b * d  = 17,5 gram (E.4.1) 

m cylinder = P * 2 Z *  (di + do * (do - d, ) = 70,O gram (E.4.2) h 

2 
A 

transfer arm = 3 * $2 beams + Tk cylinder = 122.6 gram (E. 4.3) 

The inertia is estimated as follows; First the inertia of each separate part relative to its 
own center of mass is determined and next these inertia are calculated roirnd the centeï 
of mass of the complete transfer arm. This is done by using Steiner's law, see 
Equation E.2.2. The beams do not have the same inertia, the lying beam has a 
different inertia fì-om the two standing beams. 
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'cylinder, cm-cylinder - - - ' [(%I + (+) '1 = O. 11 e-4 kg m2 (E.4.4) 
2 

Jl+-beam, cm-lying-beam - - i2 mbeam (b' + Z 2 )  = 1.0 e-4 kg m2 (E.4.5) 

mbeam(b' + Z 2 )  = 1.0 e-4 kg mz (E.4.6) 1 
12 

- 
Jstmding-bearn, em-standing-beam - - 

hT---. AL- :--.-Lp ,,.,,,i +LA ,. 
I Y W W  LIIC IIIClLld IUUIIU LUC bZiitST of mass ofthe cGap!ete traiIsfer 2m can he 
calculated. First you take the inertia of the three beams round the center of mass of the 
complete transfer arm. Assume that the distances fiom the center of mass of the 
separate beams to the center of mass of the complete transfer arm (z1,2,3 )are all equal 
to 70 mm. 

= 1.86 e-4 kg m2 (E.4.7) 1 2 

12 ypzbeam (b2 + l2 1 + mbeamZ2 Jlyuig-beam, cm-transfer arm - - 
- 

mbeum(b2 + 1') + mbeamzt3 = 1.86 e-4 kg m2 F.4.8) 1 
12 

- 
Jstanduig-beam, cm -transferarm - - 

Next you take the inertia of the cylinder round the center of mass of the complete 
transfer arm: 

- - 1 ? 1 " 2 ~ ~ ~ ~ ~ ~ [ ( + ) ~  i($)') +mqlzde,z~= 3.54 e-4 kg m2 (E.4.9) 
2 Jcylmder, em-transfer arm - 

Then you add these inertia and you get the estimated inertia of the transfer arm round 
its center of mass: 

* 
- 

Jtransferarm, cm-transfer arm - 'cylmder, cm-transfer arm + 2 * Jstanduig-beam, em-transfer arm + Jkiq-beam, em-transfer arm 

(E.4.10) 

,. 
= 9.12 e-4 kg m2 'transfer ami, cm-transfer arm 

If you compare simulation results based on the estimated values with measurements on 
the ADAT, you will see that the results differ. I did not try to get the estimated values 
closer to the real values. 
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For the values of mass, inertia, geometry etc see Appendix E. Default settings were 
used for values that are not mentioned in Appendix E. In this appendix you see with 
which elements the AIPAT is implemented in Working Model and how the elements 
are connected to each other. 

Simulation 

Custom 
Animation Step 
Positional Error 
Integrator 
Integration time step 

Gravity 

Air Resistance 

Masses 

Mass['] 

Mass[2] 

Mass[3] 

Constraints 

Constraint[ 61 

Constraint[ 91 

Constraint[ 141 

Constraint[ 151 

Constraint[20] 

Points 

Point [4] 

5.OOOe-O4 s ; 2000 Hz 
1.000e-10 m 
Runge Kutta 4 
Variable 

None 

None 

rectangle 
crank 
rectangle 
transfer arm 
rectangle 
linkage 

Pin Joint 
Point[4] , Point[S] 
Pin Joint 
Pointr7-j , Point[8] 
Pin 
Point[ 121 , Point[ 1 O] 
Pin 
Point[l3] , Point[l i] 
Torque 
value : Input[21] 
basepoint : Point[ 193 

Background 
Constraint [ 61 
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Point[ 51 

Point [ 71 

Point[8] 

Point[ 1 O] 

Point[ 1 i] 

Point [ i 2 j 

Point[ 131 

Point[ 161 

Point[ 191 

Mass[ i ]  
Constraint [6] 
Background 
Constraint [ 91 
Mass[2] 
Constraint [ 91 
Mass[3] 
Constraint [ 141 
Mass[3] 
Constraint[ 151 
MSlss[Z] 
Constraint[ 141 
Mass[2] 
Constraint[ 151 
Square Point 
Mass[2] , tip oftransfer arm 
Basepoint 
Mass[ I] 
Constraint [ZO] 

All points lie at the outline of the rectangles and at the middle ofthe line on which they 
lie. 

Meters and Controls 

Input [2 1 ] 
Output[ 171 
Output[ 181 
Output[26] 

External Application 

External document #Z2 
Application 
Document 
Connected outputs 

Initialize 
Execute 
Connected inputs 
Timeout 

Torque 
Time 
Phi, rot = mass[l].p.r*57.296 
Position of Square Point 16 

c:hatlab4Z\bini’wiatlab. exe 
engine 
output[ 171.yl variable: twm 

T = O; 
T = wmS81 lOl(phi,twm); 

30 

output[ 1 81 .y 1 variable: Phi 

input [2  1 ] variable: T 
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A e inertia oft  

When estimating inertia always remind that inertia can be dependent of position. So the 
estimated inertia is only correct for that specific position. The theoretical estimation is 
used to check if the practicd estimation, which should be the real equivalent inertia, 
has the same magnitude. 

The inertia of the ADAT can be estimated theoretically in the following way : 

1. Vary the position of the system with a smal1 perturbation in a certain position, see 
Figure G. 1.1. In each timestep 6t, you get the following perturbations; &p~, 692, 
6 ~ 3 .  The velocities of these perturbations are &p& 692/6t and 693/6t. To compare 
the results of the theoretical estimation with the practical estimation, you should 
perturbate in the same positions as the position in which the frequency response is 
determined. 

2. These perturbations and their velocities can be expressed in one perturbation. When 
you want to estimate an inertia to compare with the practical estimated inertia, the 
perturbation you express the other perturbation in should be the output signal of 
the system. In the case of the ADAT this is 6pl and you get: 

3. An equivalent inertia for the ADAT expressed in perturbations of the mechanism 
can be given as follows: 

(6.1.7) 

With: 
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Hence: 

With z, distance between center of mass of beam n and axes where the motor drives 
the crank. Assumed that the difference in z, is negligible to the value of%, so the value 
of z, is the value of z, before perturbating. 

.’ i 

Figure G.1.P 
Perturbations of the ADAT as a four beam mechanism 

The accuracy of the estimation of the inertia depends on the accuracy of the 
measurement of the perturbations. 

The perturbations and z, have been determined by ~ o r ~ n g  Model. When you 
perturbate a beam with a certain amount in the properties of that beam, the 
perturbation of the other beams can be read in their properties. The Numbers & Units 
in the View menu have to be set to the correct number of digits. The number of digits 
has to be the size of the smallest perturbation at least. 

Z, can be determined as follows: 

z ,  = Jx: +y,” ((3.1.1. i) 

Where the x and y position of the center of mass of a beam can be read in the 
properties of that beam. 

57 



2 1  = 0.030m 
22  = 0.150m x2 = 0.130 m 
z3 = 0.240m x3 = 0.208 m 

perturbations and their velocities 

692 = 0.34 * ocp, 

69, = 0.02 * 691 

Y2 = 0.075 m 
Y3 = 0.130 m 

1 

0.11 

4 e-4 

Filling in z, and the perturbations in equation G. 1.10 gives: 

JeCpivalelIt = 2.5 e-4 m m  s21 

6.1.2 Yequivatent for the ADAT when q~ = 98 degrees 

The perturbations and z, have been determined in the same way as done for O degrees. 
You get the following perturbations and z,: 

21 = 0.030rn 
z2 = 0.095 m x2 = 0.057 m 
z3 = 0.175m x3 = 0.143 m 

perturbations and their velocities 

oql, = 0.52 * 6cp, 

Y2 = 0.076 m 
Y3 = 0.101 m 

1 

1.5 e-4 

0.27 

Filling in z, and the perturbations in Equation G. i. IO gives: 

Jequivaíent = 13.9 e-4 wms2] 
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G.2 Practical estimation 

The inertia of the ADAT can be estimated practically by using the frequency response. 
The frequency response of a system with no non-linear terms can be described as 
follows: 

1 
- d J + j a b + k  

H( ja) = (G.2.1) 

Wnen o goes io ijx~niey, ~piooil goes io i/(3i02j. BY pliottiEg the fïequenzy response in 
double logarithmic scales, the plot will show a straight line with a decay of 2 for large 
o when no nonlinearities are in the system. 

By fitting a straight line through the frequency response at large o, an estimation of the 
inertia can be made by filling in the following equation: 

G.2.P &timated for the ADAT when <p = Ca degrees 

The magnitude of the frequency response of the ADAT for cp = O degrees is plotted in 
Figure 6.2.1.1. 

Iogjirequency) [Hz] 

Figure G.2.P.P 
Frequancy response of the ADAT for 
9 = O degrees 

The frequency response is determined with SPECTRUM and ARX. The positional error in 
Working Model was to 1 e-1 m. The values to fill in in Equation 6.2.2 are from the 
am-dataset. These values are: 

f *  = 101.56 [Hz] 
IH(O,f *>I = 0.6772 [radmm] 

These values give: 
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6.2.2 Jestbated for the ADAT when q = 90 degrees 

The magnitude of the frequency response of the MIAT for <p = 90 degrees is plotted in 
Figure G.2.1 2. 

log(frequency) [Hrl 

Figure 6.2.1.2 
Frequancy response of the ADAT for 
q, = 90 degrees 

The fiequency response is determined with SPECTRUM and m. The values to fill 
Equation G.2.2 are from the arx-dataset. The positional error in Working Model was 
to 1 e-1 m. These values are: 

in 

f *  = 101.56 [HZ] 
/H(90,f*)l = 0.147 [rad/"m] 

These values give: 
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The design of the controller described in this appendix, is the design of: 

Q trajectory 
0 PID-controller 

fcedfcFPxard 
e Elte: 
e measurement noise & torque limitation 

At last something is said about stability and the Mattlab files of the implemented 
controller are added. 

If a system, such as the ADAT, has to perform a certain behavior, this behavior has to 
be specified. This specscation is called the trajectory. The desired behavior ofthe 
ADAT is moving from place position to pick position and back in a very short time. A 
constraint to this is that the ADAT has to hold the pick and place position a certain 
time. Because it is not possible to jump fiom the pick to the place position, a smooth 
trajectory has to be designed. The time to move fiom pick position to place position or 
back is 105 msec. and the time to hold the pick position or place position is set to 300 
msec. 

A second order trajectory is chosen, so the velocity will be smooth, but acceleration 
will contain discontinuities. Between the pick and place position is a difference of 180 
degrees, so the trajectory will be from O degrees to 180 degrees. The moving time is 
divided in three equal parts of 35  msec. In the first part the acceleration is positive, in 
the second part the acceleration is zero and in the last part the acceleration is negative. 
At the starting and ending time the velocity is zero, because the pick and place position 
will be hold for a certain time. Now problem and conditions are defined and the 
trajectory can be designed 

W.í.1 Design of the trajectory 

t = O - 3 5 m s  
t = 3 5  - 7 0 m ~  
t = 70 - 1 0 5 ~ ~  

v = +at + v(0) 

v = -a(t - 70) + v(70) 
v = v (35)  

a=+u 
a=O 
a=-u 

X = +. 5at2 + x(0)  

x =. 5v(35) ( t  - 35)2 + ~ ( 3 5 )  

x = -. 5a(t - 70)’ + x(70) 

(H.1.1.4) 
(H.1.1.5) 
(H.1.1.6) 

(H.l.l.l) 
(H.1.1.2) 
(H.1.2.3) 

(H.1.1.7) 
(H.1.1.8) 
(H.1.1.9) 

v(O)=O , v(105)=0 ; x(O)=O ; x(105)= 180 
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Solving these equations with initial conditions gives an acceleration of 

7.347 e4 m i  s2 - - a 

With this acceleration the position, velocity and acceleration will have the shape as 
shown in Figure H. 1.1.1. 

O 0.02 O. 04 O. 06 0.08 

Acceleration, velocity and position of the trajectory 

This trajectory is calculated in Simulink and used in the controller implemented in 
Matlab. The trajectory determined with a sample fi-equency of 800 Hz and 2000 Hz. 
These datasets are stored in trace80û.mat and trac2000.mat. 

If the ADAT will have to pick and place dies it has to follow a trajectory such as 
specified before. To follow this trajectory a controller is desired. A BIE, controller is 
chosen. The controller has to be designed for the continuous time case, because you 
simulate on a computer that is in discrete time. The controller is not directly designed 
for the discrete time case, but first for the continuos time case and then the discrete 
time case is examined. 

The controller has been designed in the frequency domain. A PID-controller is a 
controller with a frequency response shown in Figure H.2.1.1. 
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t 

1 /Ti 1/Zd a b  ci) [radlsec] 

P D  controller in frequency domain 

A stable PD-controller for a system is a PID controller where the parameters have the 
following relations: 

(pI.2.1.1) 
(€3.2.1.2) 
(H.2.1.3) 
(pI.2.1.4) 

For a position error e(t) and an input signal u(t) for the system in combination with 
equation 1.2.1.1 up to Equation H.2.1.4 inclusive, you get the block scheme of Figure 
H.2.1.2. 

e 

Figure H.2.8.2 
Block scheme of a P D  controller 

The transfer function of a PID-controller can be written as follow : 

1 
ZiS 

Hp&) = K * (1 + -1 * (1 + ZdS) 

' d  K 
H,,,(S) = K*(l+-)+K"ZdS+-  

'i ris 

(H.2.1.5) 

Q3.2.1.6) 

P D :  
Hp&) = P + Ds + us ; 
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Hence : 

(H.2.1.8) 

(H.2.1.9) 

(H.2.1.10) 

Equations H.2.1.1 up to and including H.2.1.4 and H.2.1.8 up to and including 
H.2.1.10 give : 

1.3 * K  - - P 

- 3 * K  - D 
2*n*f, 

(H.2.1.1 I) 

(H.2.1.12) 

(H.2.1.13) 

2.2 Discrete time case 

As mentioned, you first design the controller for the continuos time case and then you 
examine the controller for the discrete time case. In this section the controller for the 
discrete time case is examined. 

The output (u(n)) of a discrete time PID-controller can be represented as a function of 
the input (e(n)) by the following equation : 

k=n 

u(n) = P * e(n) + D*(e(n) - e(n-1))lTs + I*( (H.2.2.1) 

Ts = sample time (H.2.2.2) 

e(k)  )*Ts 
k=-m 

with 

The P, I and D values calculated in the continuous time case can be used as values for 
the discreet time case under the restriction that the sampling fi-equency is about ten 
times the bandwidth frequency. In the low fi-equency range the discreet and continuous 
controller show the same behavior. 

Feedforward is only useful when you know in what way the force to apply to the 
system depends in a simple linear way on a system parameter. In the case of the ADAT 
you know the relationship between the torque to apply and the inertia: 

(H.3.1) 

Where @ is known, first +a, then O and then -a. So acceleration feedforward can be 
used. 
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H.4 Filter 

A filter is used in a controller to get rid of certain frequencies which will effect the 
system negatively. Often a lowpass filter is implemented in the system to filter out high 
frequencies. Otherwise these high frequencies would excitate the high-order dynamics 
of the system. This can be undesirable because the dynamics ofthe system at those 
frequencies are unknown. 

The low pass filter tbat kas io implemented in the case of the A.DAT has to be of 
lowest possible order to realize the desired gain characteristic. This to minimalize 
calculation time. The desired gain characteristic has a gain of 1 up to the cut off 
frequency and from the cut off frequency a decay of two decades of magnitude per 
decade of ffequency. 

The cut-off frequency of a filter is often chosen at five times the bandwidth, see Figure 
R.4.1. 

Figure H.4.8 
Magnitude characteristic of a low pass filter 

A N-th order filter can be represented in the s-domain by the following equation : 

a 
N(s )  = 

( s  + b)" 
(H.4. i) 

Where ani" is the gain in the pass band and where b is the cut-off frequency. A second 
order filter has a decay of two decades of magnitude per decade of fi-equency. Figure 
H.4.2 gives a second order fiter with a gain of 1 and a cut-off frequency of 10 Hz. ( N 
= 2 , b =  10, a =  100) 
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Magnitude characteristic of a second order low pass filter 

This is a representation of the time continue situation, but can not be implemented in a 
computer routine. For filtering with a computer, digital filters are needed. 

A.1 Digital filters 

As mentioned the filter to implement has to be a digital filter. [SI is used as a guide for 
the design of the digital filter. There are two types of digital filters; recursive and non- 
recursive. A recursive digital filter is one whose block diagram contains one or more 
closed paths. The block diagram ofa non-recursive digital filter contains no closed 
path. Due to this difference the order of a non-recursive digital filter that has the same 
gain characteristic as a recursive digital filter has a much higher order. A property that 
a recursive filter may have is that ofinstability. In spite of this possible property a non- 
recursive digital filter like a fir filter seems less suitable in this case than a recursive 
filter. Yet the stability of the designed filter has be taken into account. 

A recursive digital second order filter can be represented as a block diagram as shown 
in Figure H.4.1.1. 
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X 

Recursive digital second order filter 

The corresponding transfer function of this recursive second order digital filter is: 

a. + a,z-' + a2z-2 
H(z )  = 

1 + b$ i- b2Y2 
(H.4.1.1) 

The matrices A (= [% a1 az]) and B (= [i bi bz]) can be determined by using Matlab 
routines. 

It is not possible to make a filter that exactly produces the gain characteristic of an 
ideal Powpass filter. So filters are an approximation of the ideal lowpass characteristic. 

There are several filters available with each of them having its own characteristics. In 
Matlab two filters are available. These are the Butterworth filter and the Chebyshev 
filter. The gain characteristics ofN-th order Butterworth filter and Chebyshev filter are 
given by the expressions : 

Butterworth filter: 

(€3.4.1.2) 

For fi-equencies less than f, the gain is approximately unity, for frequencies exceeding f, 
the gain is close to zero. 

Chebyshev filter: 

(H.4.1.3) 

where E is a design parameter and Vx(x) is a Chebyshev polynomial of order N. 
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To both filters applies that the higher the value of N, the filter order, the better the 
approximation to the ideal lowpass characteristic. An advantage of the Chebyshev filter 
is that the gain in the stopband decreases more rapidly than the gain of a Butterworth 
filter of the same order. A disadvantage is that the gain characteristic of the Chebyshev 
filter has ripple in the passband. 

H.4.2 Filter design 

The filter used in the routine to filter the Torque is a second order Chebyshev filter. A 
Chebyshev filter is chosen because of the fact that the gain decreases more rapidly in 
the stopbanci. So a h v e ï  order filter caïì be used, which reduces the comptkg time. 
Second order is sufficient, the decay from the cut off fi-equency is two decades of 
magnitude per decade of frequency. 

The matrices A and B are calculated by the routine CHEBY 1. CHEBYI is chosen 
because then the ripple can be set. 

The Torque is filtered by using the ater  routine in combination with storing the past 
two values ofthe Torque. 

Measurement noise and torque limitation have to take into account to create realistic 
simulations. The measurement noise depends on the encoder and the torque €imitation 
on the motor. 

In the ADAT an encoder is used to measure the position of the crank. This 
measurement is not exactly, the real angle can lie between two increments of the 
encoder. You can model this measurement uncertainty with random noise between 
minus and plus half the resolution of the encoder with a mean of zero. The encoder of 
the ADAT has a resolution of4000 increment per rotation. The measurement noise 
can be modeled like: 

measurement = real value + resolution * (rand - O. 5 )  (IE-1I.5.1. 1) 

H.5.2 Torque iimitation 

The torque that can be offered depends on the motor that is used in the ADAT. This 
motor can not supply any torque. The torque of the motor in the ADAT, an Electro 
Craft S-243-1A, is limited at 1.7 Nm. The torque in the simulation also has to be 
limited at 1.7 Nm to create a realistic simulation. 
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H.6 Stability 

A criterion whether a linear system is stable or not is the nyquist criterion [6]. The 
designed PID controller with filter in combination with the ADAT is stable according 
to this criterion, the point -1 is not enclosed by the openloop response of the PLD 
controller with the ADAT. Feedfonvard influences the stability not according to [7]. 
The filter is the only element that could cause instabiiity, but the designed filter has no 
instability. The measurement noise does not influence the stability. The torque 
lidlation also does not idtienee the stability, this ody can eîîhïges settling t h e .  

H.3.1 P 

The design of the PD-values is not is easy as describes, because you have no constant 
frequency response of the system. So you have to try PD-values for several inertia, 
see Figures H.7. I. 1 up to and including H. 7.1.5. 

time [sec] 

Figure H8.7.1.1 
J = 2.1 e-4 Nm s2 
P = 9.4, I = 354.0 & D = 0.075 

position 
[degrees] 2104 

210 3 

210 2 

210 1 

210 

ZE39 

m8 

ZE37 

m5 

Ql 012 014 016 018 02 
time [sec] 

Figure HJ.P.2 
J = 5.8 e-4 Nm s2 
P = 33.7,P = 977.8 & D = 0.21 
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position 
[degrees] 210 2 

210 1 

210 

a139 

a138 

a137 

a136 

a135 

041 012 013 014 015 016 017 

time [sec] 

J =  7.7 e-4Nm s2 
P = 44.8, I = 1298.1 & D = 0.27 

time [sec] 

Figure H.7.1.4 
J = 9.6 e-4 Nm s2 
P = 55.8, I = 1618.5 & D = 0.34 

a i  012 o14 016 o18 02 
time [sec] 

Figure H.7.1.5 
J = 13.9 e-4 Nm s2 
P = 80.8, I = 2343.4 & D = 0.49 

The BID values with the shortest settling time are; P = 33.7, I = 977.8 and D = 0.21. If 
there were no other elements this would be the ideal values. But when you combine 
the PID controller with the filter, you get a stable system but the deviation fi-om the 
pick and place position is too large. The best behavior is wanted at the pick and place 
positions so the PID-values are determined for the inertia corresponding with these 
positions. These values give a satisfactory result in combination with the filter, see 
filter. 

H.7.2 Acceleration feedforward 

The design of the acceleration feedforward has the same problem as for the PID 
values, the fi-equency response is not constant. Too large feedforward causes 
overshoot too much overshoot, that enlarges the settling time and too small 
feedforward gives a too large settling time, see Figure H.7.2.1 up to and including 
H.7.2.6. The PD-values are P = 33.7, I = 977.8 & D = 0.21. 
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J = 3.9 e-4 Nm s2 
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Figure H.7.2.4 
J = 4.8 e-4 ~m s2 

....... : .......................... ............. ; ~ - ~ ~  ....... .:............ .. 

71 



The optimum for the feedforward is found for the following setting, JfeedforuTard = 3.9 e-4 
Nm s2, when you use a tolerance on the position of O. 1 degree, see Figure H.7.2.3. 
Acceleration feedforward reduces the settling time and does not effect the stability. 

H.7.3 Filter 

The filter is set at 300 Hz. Now we check if the filter is stable and meet the 
requirements, The requirements are that the angle differs with a maximum of O. 1 radian 
from the extreme positions so that the tip stays within the tolerance. You want to 
realize this behavior for the extreme positions, so the chosen PID values are for the 
P D  vahes coïïesponding with J-. P = 9.4, E = 354.0 & D = 0.075. The settling time 
can be reduced by choosing a suitable feedforward. This settings must be determined 
when measurement noise and torque limitation are added. 

1.7.4 ~ e a ~ u r e r n ~ ~ t  noise and torque ~ irni tat~o~ 

The behavior of the D A T  with measurement noise stays within the admissibility, see 
Figure H.7.4.1. The noise is O. l*(rand - O.§). 

Position of the crank with measurement noise 

The torque limitation enlarges the settling time, see Figure H.7.4.2. The torque is 
limited at 1 Nm, see Figure H.7.4.3. 
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Torque limitation does not effect the stability but enlarges the settling time. The values 
of the torque become larger when the feedforward or P D  values are too large. The 
larger the difference between calculated torque and the torque limitation the more the 
settling time enlarges. 

.7.5 Definitive settings 

The PID values are the values for the extreme positions. The filter, torque limitation 
and measurement noise are extern determined. The only parameter to set is the 
feedforward. You can choose the feedforward equal to the Jmin, but when you chose 
the feedforward so large that there is no overshoot you have the shortest settling time. 
The definite settings are as follows: 

fb,Prn = 6OHz 
P = 9.4 
I = 354.0 
D = 0.075 
Jfeeùf-ard 

filter at 300Hz 
noise = O.l*(rand - 0.5) 

= 2.6 e-4 Nm s2 

These settings give the results as shown in chapter 4. 
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H.8 Matlab-files 

The following Matlab files are added: 

wmZ8llOl.m 
cc28 1 1 .m 
h2id.m determines PID values 
fi1t.m 

controller, filter, noise, torque limitation 
calculates the time that corresponds to the begin position 

determines A and B matrices of the Chebyshev filter 

YO This is a routine used in combination with Working Model. 

% Pay attention to : 
YO 
% 
% - cc2811.m 
% - load ‘irac2000.mat (dtt) 
% 
% -> input and output 

- P,I,D and J values 
- dt (fsample) and dtt (trace) 

- WM -> correct .wm 

% Set parts of controller onloff 

% §et filter 

YO Set Torque max 

% §et Feedforward 

Yo Set measure noise 

% Set trajectori 

Sf=  1; 

St = 1; 

§ff= 1; 

Sn= 1; 

sp  = o; 

% Define variables 

global nn 
global nt 
global x 
global xref 
global Y 
global dtt 
global M 
global e2 

global el  
global Tg 
global tr 
global xpp 
global dt 
global U 
global K 
global E 

% Parameters 
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dt = 0.0005; 
dtt = 0.0005; 

% related to fsample 
% sample time of trace__.mat 

P = 9.4; 
I = 354.0; 
D = 0.075; 

% To determin PID use H-tot with L = O; 

max = 1.7; % Maximum Torque 

J = 2.6e-4; 

dr = ~$180; 
pos = 30; 

% Factor for going from degrees to radians 
% Position when trace is of 

% Pick and place time 

p = 300e-3; 

YO New time between 0 and 280 ms 

ttr = t ; 
while ttr >= (210e-3 + 2*p) 

end 
ttr = ttr - (210e-3 + 2*p) ; 

% Load trajectori 

if t  == O 
load trac2000.mat ; 
x = (x + 30); % correct to angle in WM 
nn=o;  % initialize move ; pick -> place 
M = [O O O]; % initialize memory matrix for filtering 
e = O; 
e l  = O ;  
e2 = O; 

end 

% Choose trajectori 

ifSp== I 

% New value phik (between -90 and 270) 

while phik < -60 
phik = phik + 360; 

end 
while phik > 300 

end 
phik = phik -360; 

'YO Calculate r ; r = number for xref 
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ifnn==O 

else 
r = ttr/dtt + 1; 

rt = ttr ; 
rt = rt - (105e-3 + p); 
r =  rt/dtt + 1; 

end 

% Initialize t 

if t == O 
nt = cc28 1 1 (phik); % Calculation of time corresponding with begin 

angle 
end 

% Trajectori ; define refference for O < t < 2 1 O + 2p 

ifttr > 105e-3 
if ttr <= (105e-3 + p) 

xref= 210; 
a = 0 ;  
nn= 1; 

else 
if ttr >= (2 1 Oe-3 + p) 

xref = 30 ; 
a = O ;  
m=O; 

else 
xref = (210 - x(r,l) + 30) ; 
a = -xpp(r, 1); 

end 
end 

xref = x(r, 1); 
else 

a = xPP(r, 1); 
end 

% Generate measure error on angle 

if Sn == 1 

end 
phik = phik + O. i *(rand - .5); 

% Reference is noise if Sp = O ; .5 degrees = 8.8e-3 rad 

else 
xref = pos + . 1 *(rand-0.5) 
a = O; 
nt = O; 
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end 

% Compute error 

e = (xref - phik)*dr; 
e2 = e2 + e; 

YO Compute Torque 

if Sff == 1 

else 

end 

a*J*& 
Y 

Kfa = 0; 

if (t-nt) < -2*dt 
T = O; 
u = o; 
v =  o; 
w = 0 ;  

u = P*e; % Faction 
v = D*(e-e1)ldt; % D-action 
w = I*e2*dt; % I-action 
T = u  + v + w +=a; % Total action 

else 

end 

% Filter 

% [B A]=cheby1(2,. 1,. 15) , second-order -> 2 
% 
YO 
YO 300 2000 

decibels od ripple -> . 1 
wn -> 5*&/(.5*fs) = .3 

B = [ 0.2771 0.5542 0.2771 1; 
A =  [ 1.0000 -0.0910 0.2123 1; 

Memory matrix for filtering 

M = [ T M(1,l) M(1,2)]; 

Y Filtered Torque 

if Sf == 1 
Tf = filter(B,A,M); 
Tf = Tf(1,3); 

Tf = T; 
else 

end 

% Motor restriction 
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i f s t  == 1 
if abs(Tf) > max 

end 
Tf = sign(Tf)*max; 

end 

% Store interesting variables 

e l  = e; 
E = [E e];  
Tg = [Tg tl; 
Y = [Y phik]; 
tr = [tr xrefl; 
U = [U Tfl; 
K=F;T] ;  
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H.8.2 CC2811.M 

fiinction nt = cc28 1 1 (phik) 

global tt 
global x 
global dt 
global dtt 
global xpp 

% Pkik = a& of motor-am 
% TF = ending time of the simulation 
% Animation interval-time 

TF = 105e-3 ; 
i =  li; 
tol = le-3; 
dtt = .OOM; 

% Redefine phik between -90 and 270 

while phik < -90 

end 
while phik > 270 

end 

phik = phik + 360; 

phik = phik -360; 

% Starts SIMULIMK to calculate trajectori 

load trac2000.mat 

% Calculate error in position 

% Search for location minimum value 

n = min(abs(err1); 

while abs(err(i,:)) -= n 

end 
i = i + l ;  

% Calculate new time 

vt = tt(i,l) ; 

f = dt/dtt; 
z=i / f ;  
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z z = z ;  

s = 0; 
whilezz, 1 

z z = z z -  1; 
s = s + l ;  

end 

if zz 0.5 

else 

end 

s = s - 1 ;  

S = S ;  

nt = s*dt; 
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% Frequency response of a PD-controller 

fiinction [H,phase,fl = Hpid(fb,Ks,dt,N); 

% Calculation of w-bandwith 

wb = 2*pi*fb; 

% @ahdation of Ti and Tcl 

Ti = l/(wb/lO); 
Td = ll(wb13); 

% Calculation of K ( IK(fb)*Ks(fb)l=l ) 

%a = (l+(Td/Ti)) + ((l/Ti)*(l/wb)) + (Td*wb) 

al=( l/(Ti*wb))-Td*wb 
a2=( 1 +(Td/Ti)) 
A=sqrt(aiA2 + aZA2) 
Ks 
K= l/(A*Ks) 

% K =  P/(a*Ks) 

% Calculation of P,I and D 

P = (l+(Td/Ti))*K 
I = (1/Ti)*K 
D = Td*K 

% Calculate A and B matrices for filtering with chebyl-filter 

fb = 60; %Cutoffon5 *fb 
fs = 2000; 

N =2; % Order 

r = . l ;  % Ripple 
wn = 5*fb/(.5*fs); % cut  off 

[B,A] = chebyl(N,r,wn) 

81 


	Voorblad
	Summary
	Table of contents
	1. Introduction
	2. Working model 2.0
	3. Dynamic Data Exchange
	4. Frequency response
	5. The ADAT
	6. Conclusions and recommendations
	References
	Appendix



