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Summary

The aim of this bachelor assignment was to test the structured method, by applying the method

to the development of the control software for a slider setup. This slider setup existed out of two

rails which were positioned perpendicular on each other. each rail had a cylindrical shaped

mass attached to it. The goal for the development was to let the masses move in such a way

that it was possible to wrap a string from one mass to the other mass.

The structured method makes use of a iterative process, where the total design is first divided

into different features. The features are first developed based on a simplified model of the

physical system, and then these designs are tested with iterations, where at every iteration cycle

detail is added to the model of the physical system.

Before the the structured method was applied to the development of the slider setup, an anal-

ysis of the physical setup, and of how the setup should operate, where made first. After this

the structured method could be applied, where different features were defined, and different

models on different detail levels were made. When the preparation of the structured method

was finished, the development could begin with the iteration process.

At the end of the development process the design-goal was not entirely achieved since problem

arose when the velocity of the masses was increased. However, it became apparent that a mis-

takes were made in the implementation of the structured method. Fixing this mistake enabled

the masses to move at a higher velocity.

At the evaluation of the process conclusions could be drawn based on the mistakes that were

made during the application of the method.
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1 Introduction

1.1 Context

There are some challenges while designing a cyber-physical system. To come to a successful

and reliable design it is important to remove errors as early as possible, since eliminating errors

at the end stage of the design can be very costly. One approach to design a cyber-physical

system regarding control software is the use of an iterative process. This iterative process first

breaks down the control system into different control features, and each control feature is then

developed with a loop in such a way that with every cycle more detail and complexity is added.

The order of addition of the different details are important to make the process as efficient as

possible in time effectiveness and in detecting errors.

1.2 Goal

The goal of this project is to evaluate the structured method (Broenink and Broenink (2019))

based on the application of the method to the setup in this project. Conducting this project

should result in a better understanding of the benefits and drawbacks of applying this method

to the development of embedded software control. The outcome of this research can be used

together with other tests of the method to come to a more general conclusion of the benefits of

this method.

The main research question in this project is stated as follows:

• How applicable is the structured method approach for the design of embedded control

software of a cyber-physical system?

It can be hard to have an objective measure of how applicable a certain method is. The appli-

cability of a method can be measured in a relative manner compared to other manners. The

applicability can also be measured by analyzing the time efficiency of every step and order of

the steps. This could be done by asking whether it would be more time efficient to deviate at

any point in the process from the tested method. Finally it can be determined how effective the

method is in the detection of errors.

To answer the main question different sub-questions will be answered:

• Was it in any stage of the development more beneficial to the efficiency to deviate from

the method?

• Is it likely that the same design errors which were spotted using the method, would

also have been spotted without using this method?

• If these errors were spotted without the method, would it have cost more or less time

to fix them without using the method?

1.3 Project outline

First the structured method will be eludicated in chapter 2. After it is clear how the structured

method should be applied to the development of software control, the setup that is used to

test the method will be analyzed in section 3.1. It will be explained what the setup eventually

has to do, and what the design will look like. In the next chapter the implementation of the
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structured method begins. This implementation will be done according to the order described

in the analysis. After the implementation there will be a brief evaluation about the implemen-

tation of the method, and this evaluation will be continued in the discussion. At the end the

research questions will be answered, and recommendations will be made which may improve

the method.
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4 Implementation of the structured method

In this chapter it is described how the structured method is applied to design the controller.

The features and the different layers of detail will be described. After that, the approach of the

evaluation will briefly be discussed.

4.1 Preparation

In this preparation the different features will be defined, and there order will be determined.

After that the different details will be identified, which will then also be ordered. Based on the

details, different models of the physical system can be made.

4.1.1 Features

In this section the total control of the setup will be divided into different features together with

the order of the development of the features, since one feature may be build up another one.

The end goal of the design is to control the circular movement of the two sliders, such that a

rope can be wrapped around a mass. To make this possible one mass has to move according to

a sine, while the other mass has to move according to a cosine. Furthermore, the two masses

have to oscillate around the same center, which requires the correct initial position for both

masses. The correct initial position has to be managed by homing. In case it is not managed to

design the homing feature, the masses can be given the correct initial position by hand. This is

why the sine and cosine movement will be given the priority over the homing.

It is possible that the controller has to be redeveloped for relative high angular velocities. For

this reason the sine/cosine movement will first be realized up to an angular velocity of 30 rad/s.

The choice of this boundary of 30 rad/s is arbitrary, and will be changed if it turns out that major

difficulties arise for higher or lower angular velocities. A controller which can move the masses

at higher angular velocities will be treated as a separate feature.

In this case the features can all operate independently of each other. The masses can move

according to a sine or cosine without homing and the homing can be developed without the

development of the sine or cosine movement. So in this view there is not really a preference in

order of the development of the features, apart from the slow and fast circular movement.

The order of the features will thus determined based on the importance of the features. As

explained earlier in this section, the most important feature is the circular movement. After

this it is decided that the homing is second most important, because it is preferred to have a

fully automated system. This gives us the following order of features:

1. Slow sine/cosine movement

2. Homing

3. Fast sine/cosine movement

4.1.2 Detail

The most basic model that will be used is the linear model in figure 4.1. The controller is de-

signed using PID-tuning. After a controller is designed using the most basic model, extra detail

will be added to the model. The limit of the motor is probably the detail with the biggest in-

fluence. Next to the limit of the motor, there is also the elasticity of the belt that can play a

role.
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C2,4: The mass moves stable over the rail, although the movement seems to be somewhat

jerky. For angular velocities above 8 rad/s the offset of the sine starts to shift after

approximately 30 seconds. Furthermore the shift is clearly detectable with the eye

however the measurement does not indicate a significant shift in the offset. This

is problematic since the correction of the error of the controller depends on the

measurement. If the measurement is not correct the controller will likely not correct

the error. For relative low angular velocities, which we will define as 8 rad/s, the

controller works. For higher angular velocities the controller has to be adapted.

A3: To correct the shift from the offset, the integrating gain is increased, as this gain decreases

the steady state error. The proportional gain could also be increased to reduce the steady

state error. however, the movement is already jerky and this is something that should be

reduced somewhat, since it could be that this jerky behavior results in very abrupt short

movements, which could cause the shift in the offset. The Kp is therefore set to 2.5.

B3,1: The motor limitations are added to the model.

C3,1: The tested model behaves stable, also the error in the amplitude is still acceptable.

B3,2: The behavior of the belt is added to the model.

C3,2: For this controller there is also no significant difference compared to the test with-

out the belt.

B3,3: The discrete time is implemented into the model.

C3,3: There is no difference compared to the previous test.

B3,4: The controller will be tested on the real system.

C3,4: The mass behaves more stable which is to say that it is less jerky than with the pre-

vious controller. However the offset starts to move again, so increasing to 5 seems

to have had little effect.

A4: It is tried to lower the proportional gain even more to reduce the jerky movement some-

what more, which is still there.

B4,1: The motor limitations are added.

C4,1: The tested model behaves stable, also the error in the amplitude is still acceptable.

B4,2: The behavior of the belt is added to the model.

C4,2: For this controller there is also no significant difference compared to the previous

test.

B4,3: The discrete behaviour is added.

C4,3: There is no different behavior.

B4,4: The controller is tested on the real system.

C4,4: For an angular velocity of 8 rad/s the movement is stable and the center of the sine

does not shift. For higher angular velocities up to 16 rad/s the movement remains

stable, although the jerky behavior increases. The main problem for this higher

velocity is that the the center of the sine shifts and the masses crashes into the end

of the rail eventually. In addition to this problem comes the issue that the shift is

not detectable in the measurement. According to the position measurement there

is a minor change in the center of the sine, however this does not account for the

1cm change or more in the center of the sine which is detectable with the naked eye

on the prototype.
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14 Testing the structured method to design embedded control software

For now it will be decided that higher angular velocities than the 8rad/s reached in the slow

movement feature, will be included in the fast movement feature.1

Step 3:

The first feature works as desired up to an angular velocity of 8 rad/s. Now the next feature

homing will be developed. The different detail steps can be found in figure 4.3, and the cycles

are shown in the matrix in figure 5.1.

Slow circular movement motor 2

Because of the similarities of the the sliders, the result of the first feature is directly applied

to the prototype of the second slider. The input of the controller was r (cos(ωt ) − 1), since

this makes the initial input value equal to the initial value of the angle sensor, which is 0. In

he development of the controllers for higher angular velocities the two sliders will be taken

separately.

Initial position M1

Step 1:

To have a proper working system it is important that the two sliders have the correct initial

position. First the mass has to move to the switch, the switch detects the mass the position will

be reset and the mass has to move to the initial position.

Test: To test this feature, the same models are used as the models for the previous feature.

The mass should first move to the switch, where the position will be set to 0. After that the

mass has to move to its initial position. The assumption is made that the masses cannot touch

each other.

Step 2:

A1: For this feature virtual switches are needed to make the system do all the tasks in the right

order. The PID-controller is made a little more aggressive than the controller for the sine

and cosine such that a possible steady state error is as low as possible. The proportional

gain is made a little bit higher than the derivative gain. The input of this controller will

be a slope since a constant position as input would probably result in a too big overshoot

which causes the mass to slam in the end of the rail.

B1,1: The controller is tested on the with motor limits.

C1,1: The behavior of the model is stable and the mass moves as expected. There is a

small steady state error of less than 1 mm, which will not be considered as signifi-

cant.

B1,2: The controller is tested on the model with the behavior of the belt.

C1,2: There is no difference compared to the simulation without the limit of the motor.

B1,3: The discrete time is implemented in the model.

C1,3: There is no difference with regard to the previous test.

1This was a mistake and will be discussed in the discussion
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B1,4: The controller is tested on the real system.

C1,4: There is some unstable behavior in the first 2 seconds in the form of oscillation, but

the mass moves to the switch. At the point where the mass touches the switch and

the mass should turn around, it starts to oscillate for a brief moment before it stays

put at the switch because it has activated the switch multiple time. The controller

has to be adapted to prevent both the oscillation and the problem at the switch.

A2: To prevent oscillation the controller is made a little bit less aggressive by reducing the

proportional gain to 2, and the derivative gain is increased to 3. To prevent that the mass

stays put at the switch a small constant is added to the slope of the input when the mass

moves back. The idea is that because of the small constant the mass will have a quick

short movement away from the switch, such that the mass will only hit the switch once.

This constant will be set at 1 mm at the first try.

B2,1: The controller is tested on the model with motor limitations.

C2,1: The behavior of the model is stable and the mass moves as expected. There is a

small steady state error of less than 1 mm, which will not be considered as signifi-

cant.

B2,2: The controller is tested on the model with the belt.

C2,2: There is no difference compared to the simulation without the limit of the motor.

B2,3: The discrete time is implemented in the model.

C2,3: There is no difference with regard to the previous test.

B2,4: The controller is tested on the real system.

C2,4: The controller seems to work as desired, which is to say it behaves as the simulation

of this design. However testing the controller multiple times on the system shows

that occasionally the mass oscillates at the switch for a brief moment before it stays

put at the switch. The test is considered unsuccessful and an attempt will be made

to eliminate the oscillation at the switch.

A3: The controller will be made less aggressive to prevent oscillation, so the proportional gain

will be set to 1.5.

B3,1: The controller is tested on the model with motor limits.

C3,1: The behavior of the model is stable and the mass moves as expected. There is a

small steady state error of less than 1 mm, which will not be considered as signifi-

cant.

B3,2: The controller is tested on the model with the belt.

C3,2: There is no difference compared to the previous simulation.

B3,3: The discrete time is implemented in the model.

C3,3: There is no difference with regard to the previous test.

B3,4: The controller is tested on the real system multiple times.

C3,4: Testing the controller 10 times shows that there is no oscillation at the switch any-

more.

Step 3: The feature behaves as desired. The feature is successful implemented together with

the previous feature. In figure 4.3 all different detail steps are shown, and in figure ?? the cycles

are shown.
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Fast circular movement

The final feature is the faster circular movement of the masses. Initially the fast movement was

defined as an angular velocity above the 30 rad/s. However, in the development of the slow

movement feature an angular velocity of only 8 rad/s was realized. Thus, the fast movement

will be redefined and the first goal will be 16 rad/s. Since the behavior of the two sliders start

to differ for higher velocities the controllers of the two sliders will separately developed with

PID-tuning.

Step 1:

For the fast movement feature it will be assumed that the mass has the correct initial posi-

tion. A model is used where there is only a sine/cosine movement without homing.

Test: To test the feature the masses will be given the initial position of xm1 = r si n(0) = 0 and

xm2 = r cos(0) = r . Eventually the masses have to have a stable movement at 16 rad/s, and it

has to maintain its center of movement. When the test succeeds, the controller will be tested

on higher velocities.

Motor1

Step 2:

A1: The proportional gain of this controller is made less aggressive, to decrease the over-

shoot. The derivative gain is made a little bit higher than the controller for slow move-

ment. To create a stable offset, the integration gain is increased a little bit.

B1,1: The controller is tested on the model with motor limits.

C1,1: The model behaves as desired.

B1,2; C1,2; B1,3; C1,3: are executed respectively without any significant change.

B1,4: The controller is tested on the real system.

C1,4: The movement is stable, however after approximately 40 seconds the center starts

to shift again.

A2: The proportional gain is increased to 1.2 for some more precision.

B2,1; C2,1:B2,2; C2,2; B2,3; C2,3: The simulations show a behavior as desired.

B2,4: The controller is tested on the real system.

C2,4: The movement of the mass maintains its center 10 seconds longer, after that it starts

to shift again.

Multiple cycles are made with successful results in the simulation but with unsuccessful re-

sults at testing on the physical system. Redesigning the PID-controller did not result in any

improvements on the physical system, which indicates that the error in the design has to be

found somewhere else. This will be discussed at the end of this chapter.
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5 Evaluation

In this section the application of the method will be evaluated, and the method itself will be

evaluated.

The application of the method to the development of the controller resulted in a controller that

works for relative low angular velocities. To evaluate the method on its efficiency different steps

will be judged on their relevance, and alternative steps or order of steps will be considered and

compared to the method for this particular design.

First feature

An essential characteristic of this method is that detail is added after every successful test.

Looking at the process of the first feature it is clear that most of the designs turned out to be

insufficient at the test with the real system. The designs in these tests turned out to be insuffi-

cient because of the shift in the offset in the sine wave, however this effect was not indicated by

the simulations. With this knowledge it can be argued that in repairing the error of this shift, it

was redundant to simulate the redesigns. Since, it would be impossible to determine the effect

of the adjustment of the controller on the shift of the offset based on the simulation, the neces-

sity of these simulations is questionable. However, this is clearly due to the fact that the richest

model used in this development did not fully describe the behaviour of the prototype.

Although the seemingly unnecessary simulations is not an argument against the method in

this case as has been explained, there remains still one remark regarding efficiency. Comparing

the tests of B2,1 and B2,2 there seems to be no significant difference. If one has the insight

that this will be the case for the next design in A3, it could be decided to immediately add the

features that are not likely to cause errors. Applying this idea to the development of this feature

would result in a matrix with smaller sized columns than the matrix of feature 1 in figure 5.1:





B1,1 B2,1 B3,1 B4,1

B2,2 B3,2 B4,2





Second feature

For this feature the same applies as for the first feature. At the development of this feature,

errors where only detected at testing the design on the prototype. Like in the first feature, this

was due to the large gap between the prototype and the model at the highest detail level.

Third feature

The initial problem of this feature was initially too, that the model deviated too much from the

prototype to detect errors at the simulations. However in a rather late stage of the process it

became apparent where the model fell short compared to the prototype. An important detail

was left out in the iteration process, which brings up the question whether the method was

executed in the appropriate way. One may say that no conclusions can be drawn when the

method is not executed appropriately. however ending up with an inefficient process while

leaving out a crucial step of the method, can be seen as an argument in favor of the method.
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6 Discussion

In testing the structured method, the assumption was made that there would not be a major

deviation from the structured method while applying it to the control problem. In order to

draw a useful conclusion of the method it is of course preferable to stay as close to the method

as possible during the development of the control software. In this case it could be said that

the deviation from the method was too big to have a good judgment. However, conclusions

can also be drawn by looking at the effects of the unintentional deviation from the method.

Lets have a closer look on what went wrong, and where the implementation of the method

actually went wrong. Besides the mistake that was made at the very beginning of the imple-

mentation by leaving out important detail, there also was a crucial misstep during the iteration

process. At the end of step C4,4 of the first feature, it was decided to stop the development

of the feature at an achieved angular velocity which was significantly lower than the aim of 30

rad/s. It was not necessarily a big mistake to stop at a less result than was intended. However, it

was the combination of this decision together with the fact that the matrix of this feature indi-

cated that there was something wrong. A matrix with all the B steps, which has a large amount

of steps Q for every column, is an indication for a bad implementation of the method. up to this

point only redesigns of the PID-controller where considered, with a maximum column size for

almost each unsuccessful test. But after a significant amount of redesign cycles with maximum

sized columns, it would have been better to reconsider the implementation of the method. In-

stead, the choice was made to proceed to the next feature, with the same implementation of

the method. Although the second feature was developed successfully, this choice resulted in a

significant waste of time when developing the third feature.

Apart from the exclusion of detail during the implementation of the method, there was another

aberration with regard to the structured method. Although, this did not cause any complica-

tions, it is worth to discuss in order to evaluate the structured method. According to the struc-

tured method, a feature has to be developed based on the models of the physical system and

the models of all previous features. However, the development of the homing feature was not

based on its previous feature. This was done because, as described earlier, the two features are

independent of each other. The first feature could operate without the second feature, and the

second feature could operate without the first feature. In this view it does not make any sense

to test the homing feature on the model of the physical system with the model of the previous

feature. Because of the independence, testing the homing feature on the model of the physical

system alone was enough. Actually the same applies for the third with regard to the second

feature.The second and third feature are independent just like the thirst and second feature.

The third feature is in some way built upon the first feature, however there is a difference com-

pared to what the structured method describes. Of course one may say that the feature of the

fast circular movement can only be developed after the development of the slow circular move-

ment. However, the third feature is not really built upon the first feature, but the third feature is

more an adaption or improvement of the first feature. So the difference is that the first feature

is replaced by a better version, Whereas the structured method says that a feature should be

added to the previous features.
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7 conclusion and recommendations

7.1 Conclusion

In this bachelor assignment a the structured method was used to develop control software for

a slider setup. At first the control software was developed successfully with the method up to a

certain angular velocity. At the final stage of the development it was identified that the method

was not optimally implemented, because an important detail layer was left out. Implementing

this detail layer resulted in a redesign which worked for higher angular velocities up to at least

20 rad/s. Although the implementation of the method did not exactly go as desired, still some

conclusions can be drawn with regard to the research questions.

Was it in any stage of the development more beneficial to the efficiency to deviate from the

method?

As mentioned in the evaluation of feature 1, it may have been more efficient to simulate the

effects of detail with little effect together. In this case it would have been more beneficial to even

simulate all the detail together, since almost no error was detected in the simulation. However,

it cannot be said that this deviation would be beneficial for other projects, since in this case the

model lacked detail.

There has unintentionally been deviated from the method, in the sense that an important detail

was left out in the process. This mistake in implementing the method shows that identifying

and ordering the significant detail of the model is key for a correct implementation.

In the discussion it is also mentioned that the testing of the features was a deviation from

the method. During the development of the features, the features were tested on the physical

model without the implementation of the previous features. However, it would not have made

a difference in the result of the design when this testing was done with the implementation of

the previous features.

Is it likely that the same design errors which were identifying using the method, would also

have been identified without using this method?

Regarding the idea to simulate detail features which have little effect, it would have been likely

that the same errors would have been spotted. At no point in the iteration process errors where

spotted with the simulation of the belt and the simulation of the discrete controller.

For what the exclusion of the detail of the angle sensor concerns, it is clear that proceeding with

this deviation would not have resulted in identifying the error of the angle encoding.

Deviating in testing the features did not have any effect on identifying the errors.

If these errors were identified without the method, would it have cost more or less time to fix

them without using the method?

Because of the incomplete model that was used in the simulation, errors where almost only

detected at testing the design on the physical model. Although errors where detected, the cause

of the error remained unclear because of the incomplete model. Thus, using this deviation of

the method cost more time to fix the error than the time it would have cost to fix the error when

the method was applied in the proper way.

How applicable is the structured method for the design of embedded control software of a

cyber-physical system?

The alternative steps with regard to the structured method in this project showed that deviating

from the method had a negative result on the efficiency of the development of the control soft-

ware. This also showed that it is required to have a thoroughly identification of the details of the
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model to make the method applicable. Correcting the mistake that was made at the beginning

eventually resulted in a successful design, which indicates that the method was indeed appli-

cable for this particular method. For a more general conclusion about the structured method,

more tests have to be done by developing cyber-pysical systems with the structured method.

7.2 Recommendations

After an attempt to apply the structured method, recommendations can be made to increase

the success of the method.

• Simulation of multiple details at once

As was the case in this the development during this project, it can become clear after a

number of inner cycles that some additions in detail do not have a significant influence

on the outcome of the simulation. In that case it is more efficient to identify these details,

and simulate them together at once, instead of add and simulate them one at the time. In

case there is an error in the simulation of the combined detail, one can strip away detail

that most likely is involved in the error. When it is clear what design error caused the

problem, redesign the feature.

• Evaluation on different levels

In the discussion was described how a mistake was made by proceeding with a bad im-

plementation of the method. In figure 2.1 it can be seen that the method suggest an

evaluation at the end of the development of the feature, however a small evaluation can

already been made after every inner cycle. After every unsuccessful test, a column is

added to the matrix which represents the steps B for p and q. A small evaluation can be

made after every unsuccessful test, by evaluating the matrix. If the size of the columns

are relatively high, the implementation of the method should be reconsidered. Because,

either the order of detail is not ideal or the most complete model lacks important de-

tail. This prevents the risk that the next features are developed too using the less effective

implantation of the method. So, changing the implementation at an early stage, if neces-

sary, can save a significant amount of time.

So, this implies that evaluations can be done on at least two different levels. After every

inner cycle an evaluation can be made to reflect on the collection of columns. The rea-

son for this evaluation is to check whether the method is implemented correctly. If the

method is not implemented correctly, it can be decided to break the iteration loop and

redesign the implementation.

Evaluations can also be done after the development of each feature, so after each outer

cycle. Even if the feature is designed successfully, one can still come to the conclusion

that the implementation of the method was not optimal. In that case the implementation

can be redesigned, which can save time in the development of the next features.

• Independent features

Often the total behavior of the system, that is to say what the physical system has to

do, can be subdivided into different tasks. It is evident to define these different tasks as

different features. And as was the case in this project, these tasks or features could oper-

ate independently of each other. According to the structured method features should be

tested on the model of the physical system with their previous features. However, when

features can operate independently, this is not always necessary. However, if the defini-

tion of a feature should hold that it must be built upon another feature, then it could also

be decided that independent features will be defined as sub-features. The combination

of these sub-features can then be defined as a main feature.
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A Demonstration instructions

The following steps describe a brief demonstration on how to use the setup.

1. Power the Rapsberry Pi of the setup, and connect the Pi with the laptop via the ethernet

cable.

2. Open the 20-sim file. In the simulation model choose Tools->Real time toolbox -> C Code

Generation. Choose the submodel called "control" and open with 20-sim 4C.

3. Select the target "Raspberry Pi Setup", after this it should automatically discover the

setup. If not, reboot the Raspberry Pi.

4. In the connection I/O window set up the following connections:

Input

• Modelportname:Angle_M1 Targetportname: Pin: 1

• Modelportname:Angle_M1 Targetportname: Pin: 5

• Modelportname:Sliderswitch1 Targetportname: PIN 4 Pin: 4

• Modelportname:Sliderswitch2 Targetportname: PIN 18 Pin: 18

Output

• Modelportname:Motor1 Targetportname:PWM output Pin: 2

• Modelportname:Motor2 Targetportname:PWM output 2 Pin: 15

5. Before the starting the controller, set the frequency to 5khz. Furthermore make sure that

the mass of slider 1 is not in the trajectory of the mass of slider 2.

6. The start time of the virtual switch mus have a value t0 =
2kπ

ω
with k as integer. This

makes sure that the start position of the sine movement corresponds with the initial po-

sition of the homing. When the user plans to connect the two mass with the string, it is

recommended to increase the k such that the start time of the virtual switch is above 60

seconds. This must give the user enough time to connect the string.

7. Press run to initiate the process.
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B Parameters measurements setup

First the two electrical parameters will be determined, namely the resistance and inductance.

The circuit in the electric motor behaves as an RL-circuit in series when the axle of the motor

is clamped. The current through the circuit can be described according to equation B.1, with

input voltage V .

i (t ) =
V

R
(1−e

−
R

L
t ) (B.1)

The current will be measured with the myDAQ when a constant voltage is applied to the setup

while clamping the axle. From the current measurement the steady state current and the time

constant can be determined. From this the resistance and the inductance can be derived.

Next three more parameters have to be determined. The motor constant, the total mechanical

resistance, and the total inertia. The motor constant can be determined by measuring the cur-

rent and the angular velocity. The torque and angular velocity can be described with equation

B.2 and B.3, with motor constant km .

τ= km Imotor (B.2)

ω= kmVmotor (B.3)

Here the motor voltage Vmotor is equal to the input voltage Vi n minus the steady state voltage

over the resistor VR .This brings us to equation B.4 for determining the motor constant. Note

that this equation only holds for the steady state of the system, with a constant input voltage.

Doing multiple measurements with different input voltages, should give the motor constant

with good accuracy.

km =

Vi n −Re Imotor

ω

(B.4)

Next the total mechanical resistance and the total inertia will be determined. The total inertia It

and the total mechanical resistanceRm are connected to a one-junction with a torque as input.

Like the 1-junction in the electrical domain, the flow of the junction in the mechanical domain

can be described in the same manner, see equation B.5.

ω(t ) =
τ(t )

Rm

(1−e
−

Rm

It
t
) (B.5)

Combining equation B.5 with equation B.2, equation B.6 follows.

ω(t ) =
kmi (t )

Rm

(1−e
−

Rm

It
t
) (B.6)

By measuring the angular velocity and the steady state current, the mechanical resistance can

be determined by looking at the steady state value of the angular velocity. After that the total

inertia can be calculated by determining the time constant of the equation.

Measurements parameters model

The motor constant electrical resistance and mechanical resistance are determined according

to section 3.1.1. The results of the two motors can be found in table B.1,B.2,B.3 and B.4. For the
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electrical resistance, nine measurements have been done for each motor, and for the motor

constant and mechanical resistance six.

still shows that the method is applicable to the method.

Input voltage (V) Measured resis-

tance (Ω)

3.2 9.6

4 11.7

4.8 7.6

5.3 9.7

5.8 9.5

6.3 9.3

7.1 8.1

7.4 9.8

7.9 9.6

average 9.4

Table B.1: Electrical resistance motor 1

Input voltage (V) Measured resis-

tance (Ω)

3.4 12.0

3.7 10.4

4.8 11.7

4.8 11.0

5.1 10.9

5.7 10.0

6.1 8.3

7.0 8.0

7.3 9.8

average 10.2

Table B.2: Electrical resistance motor 2

Input voltage (V) Measured resis-

tance (Ω)

Mechanical

resistance( N s

m
)

4.3 0.015 0.00044

4.2 0.042 0.00047

3.8 0.050 0.00040

3.8 0.048 0.00058

4.4 0.044 0.00029

4.2 0.037 0.00029

4.0 0.040 0.00037

Average 0.040 0.00040

Table B.3: Motor constant an mechanical resistance motor 1
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Input voltage (V) Measured resis-

tance (Ω)

Mechanical

resistance( N s

m
)

3.8 0.052 6.7E-6

3.3 0.045 1.4E-5

3.5 0.050 8.6E-6

3.56 0.049 8.0E-6

3.8 0.052 8.3E-6

3.25 0.44 1.1E-5

3.6 0.048 1.0E-5

Average 0.049 10E-6

Table B.4: Motor constant an mechanical resistance motor 2
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