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Abstract
In this paper, a step by step constructivist approach is used to perform simulation of the forced oscillator. Starting from the model for a
simple harmonic oscillator, the damping factor is introduced to understand the damped harmonic oscillator and then finally the forcing
frequency is incorporated to study the resonance phenomenon in forced oscillators for different damping coefficients.
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1. Introduction

The first step to any lab experiment, simulation or virtual experiment is to understand the theoretical model being
employed for solving the problem and to develop clarity into what to look for. A typical problem being solved in classical
mechanics involves solving the equations of motion that could be obtained using Newton's second law or the Lagrangian
approach [1]. Usually, solving the equations of motion involves solving an initial value problem which is a second order
differential equation with both initial position and initial velocity specified. In most cases, analytical techniques are
available and we obtain the trajectory of the system with the capability to predict the position of the particle in the system
at some future time, as the solution gives us r as r(t). Sometimes, when analytical solutions are not available or are not
easy to obtain, we look to solving the problem using numerical techniques like Euler or Runge-Kutta methods [2], which
involve writing code in a programming language like C. This is beyond the scope of the students at the sophomore level as
they are yet to come across computational techniques and don't have familiarity with c-programming. So, to make it
possible for them to simulate classical mechanics problems as part of the lab alongside the theoretical course, we model
the equations of motion in the form of a block diagram. Then, we vary the initial conditions, system parameters, time of
integration and output block parameters to study the problem in detail. This, in short, is the idea behind Model Based
Simulation.

To implement this technique, we have two options, one is Matlab Simulink [3], an application package of the professional
Matlab software and the second is Xcos [4], an application of open source software Scilab available free of cost on the
internet. We can choose the second option as it has enough capabilities and ease of use for the kind of simulations that a
student at the UG level will typically undertake.

2. Methodology

One of the important aspects of Constructivist approach [5, 6] is to make learning an active, contextualized process of
constructing the knowledge rather than acquiring it. To do this the students have to be first initiated towards the process
and then encouraged to build on to explore newer dimensions of learning the ideas and be able to interpret and explain
their findings in a coherent and comprehensive manner with clarity. Simulations could be an activity which could
effectively help in this process of constructing knowledge and exposing students to acquiring new ways of learning and
thinking. The first step involves modelling the equations of motion as a block diagram and the second step is to construct
such a diagram in xcos.

2.1 Modelling Equations of Motion as a Block Diagram:
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Let us assume, we want to solve an initial value problem which consists of a second order constant co-efficient non-
homogeneous differential equation. The general form for such an equation is given by

vit=0F v, (1)

The first step is to keep the highest order derivative alone on the Left Hand Side (LHS) and take the rest of the terms to
the Right Hand Side (RHS). The differential equation is to be solved using a block diagram approach. So Eq.(1) is
rewritten as

dy_"qdy & L fO)

dt? a, dt a, a,
v(t=0)=v,
y (t: 0 ):yo (2)

This equation can be modelled as a block diagram as shown in Fig.1.
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Fig. 1: Block Diagram in XCOS to solve a general second order differential equation.

Integrating the LHS once (block 1) gives us dy/dt and integrating it once again (block 2) gives us y(t). The first derivative
and y are given as initial conditions and are fed in the integration blocks 1 and 2, by clicking on them and entering in the
window that appears (NOTE that the integrators have upper and lower limits. Do not forget to increase these limits for the
first runs). Adding up all the terms on the RHS gives us LHS at time t=0 and integrating it twice gives us the terms v(t)
and y(t) on the LHS at next time instance t = t;, which can be again fed back after proper multiplications (blocks 3 and 4)
and adding (block 5) them to obtain d?/dt? as input to the first integration block and the process continues till the
required time of integration. The Final integration time can be set in the SetBlock properties window by going to simulate
button in main menu and choosing Setup.
The step-function (block 6) has a default starting time (step time) 1. NOTE, do no forget to change this to 0 (zero) if you
expect a 'normal’ step response at time =0. The gain blocks 3 and 4 are strictly not necessary since you can set input gains
in the summing block 5. They are included for clarity and educational reasons. The outputs y and dy/dt are plotted using
the 'MScope' (block 7). The 'clock’(block 8) has its init time set to zero and the printstep (= period) set to 0.1. NOTE that
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this has nothing to do with solution accuracy, it only sets the output step. The MScope (MScope, block 7), has its input
ports sizes = 1 1, one for each input. The Ymin and Ymax values can be set after a test run. The refresh-period is the
same as the final integrating time. As an option, the quantities are also collected into a table with the mux (block 9) and
written to an output file (block 10).

2.2 Construction of Block Diagram in Xcos:

The following procedure would help to make the block diagram in Xcos.
Xcos is an application of Scilab. So, start Scilab from the start program menu.
1. Click on application in menu bar and choose Xcos. It will open two windows, one is edit window and the other is
pallet browser.
2. In the pallet browser, we see many blocks, such as continuous time systems, Mathematical operations, sources,
sinks etc in it. Clicking on any of these shows up various blocks present in it.

3. The integration block is available in continuous time systems, the gain, summation blocks are available in
mathematical operations.

4. The clock and GENSIN_f block that generates sine wave are available in sources window

5. The Mscope and write to output file blocks are in sinks window. Mux is under commonly used Blocks pallet.

6. Click and drag the required blocks on to the edit window

7. The blocks can be flipped by right clicking on them and choosing flip option

8. Left click on various blocks, to set their parameters

9. For example, left click on summation block and change the -1 to 1 and put a semicolon followed by another 1 to

increase its input number to three.
10. Connect the blocks by clicking the mouse on the edge of the block at the output end and at the back of the arrow
(and not at the tip of the arrow) and drag to see a line appearing. Connect it as input to the other block by leaving
the mouse button at its input edge similarly.
The block diagram is ready and can be saved. Model based simulation not only helps in solving physics problems and
thereby learning the underlying concepts but also helps in developing a modular approach to building and studying a
model, a much needed skill. This method is used here to build the model for forced oscillator.

The forced oscillator chosen here is a simple oscillator which is subject to damping and is driven by a periodic
force that is simple harmonic in nature. Its equation of motion is given by

X+ UX+ wix = Fysin (wr) @)

where g is frequency of the simple harmonic oscillator, p is the damping force per unit velocity per unit mass, Fy is the
amplitude of the driving force per unit mass and o is the driving frequency in radians/second. The problem can be built
step by step by starting with simulation of a simple harmonic oscillator and then adding damping coefficient to understand
damped harmonic oscillator and finally bringing in the periodic driving force to implement the forced oscillator and study
the resonance curve by varying the driving frequency for a certain damping coefficient. The experiment could then be
repeated for a different g to understand the effect of pu on sharpness of resonance. So, the students are initiated to the
process of simulation using the simple harmonic oscillator and then are encouraged to build the damped harmonic
oscillator and are finally allowed to explore the forced oscillator where in they vary the parameters in a controlled fashion.
That is, they would vary the frequency by keeping the damping coefficient constant and then repeat the process for a
different damping constant. This would enable them to explain the concepts of resonance and analyse how the quality of
resonance changes with damping coefficient.

3. Results and Discussion:

3.1 Simple Harmonic Oscillator:

The equation of motion for the simple harmonic oscillator (examples are simple pendulum and mass spring
system), which is an idealisation with the assumptions that the there is no damping and one uses small angle
approximation, is given by
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The analytical solution for the above differential equation is x = A sin(wo t + @), where A is the amplitude of
oscillation, o, = 2xf is the angular frequency of the oscillator in radians per second, f is the frequency in Hz and ¢ is the
initial phase. The Xcos model for this equation is realised as in Fig.2.

The value for frequency f is chosen as 1 Hz. The initial position is fed as 2 units in the second integrator block
and the initial velocity is chosen as 0 units. The default values are zero and hence the first integrator block properties are
retained. The position and velocity are fed as inputs to Mscope. Set the total integration time as 5 seconds and the refresh
period in Mscope also as 5 seconds. On running the simulation, one obtains graphs which are not properly scaled. This is
because, we have
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Fig. 2: XCOS model for Simple
Harmonic Oscillator

not set the ymin and ymax values in Mscope appropriately. Remember the initial position is set as 2 units and therefore
the ymin and ymax values for chl in Mscope where the position is fed as input has to be changed to -2 and 2 respectively.
Similarly, the amplitude of velocity will be 2 times w, which is going to be around 12 and hence set the ymin and ymax
for ch2 where velocity is fed as input to -15 and 15 respectively. Then, run the simulation to obtain the graph as in Fig.3.
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Fig. 3: 'x vs t' (above) and 'v vst' graphs for SHO

Observe that there are 5 cycles in 5 seconds for the frequency is chosen as 1 Hz in the simulation. Also, observe
the phase difference between position and velocity curves and it is n/2 as expected. This part of the simulation intialises
the students to various aspects of building block diagram and varying parameters and the way to observe and understand
the obtained results. Once they have successfully completed simulation of simple harmonic oscillator, then they can be
encouraged to take up the damped harmonic oscillator by prodding them with some simple questions and asking them to
make small changes to their block diagram to incorporate the damping coefficient.
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3.2 Damped Harmonic Oscillator

The simple harmonic oscillator is an idealisation and can not be achieved in the real world, for there are always forces
that dampen the motion and eventually the oscillations die down and the oscillator comes to rest. So, we need to model the
damping forces into the equations of motion. Here, we assume that the damping forces are proportional to velocity and the
damping coefficient p is damping force per unit mass per unit velocity.

X+ Ux+ a)gx=0 (5)

The analytical solution for the above differential equation is X = X = A exp(-pt)sin(wo t + ¢). The Xcos model for this
equation is realised as in Fig.4.
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Fig. 4: XCOS model for DHO

The value for p is chosen as -1 and the rest of the conditions are as in the previous case, except the refresh period in
Mscope is changed to 10 secs and so is the total integration time in Setup. On running the simulation, under damped
oscillations are obtained and this is shown in Fig.5. The students are asked to vary the value of p and should be able to
study the cases of critical and over damping by reviewing their theoretical literature. Now, they are ready to explore the
forced oscillator. They could be provided with some tips as to how to add the force function in xcos and what are the
parameters that can be changed in it. They can then be instructed to open the data saved in a file for analysis in Scilab and
then can be asked to study the forced oscillator on their own.

Fig. 5: x vs t'and 'v vs t' graphs for DHO.

3.3 Forced Harmonic Oscillator
The damped oscillator has its applications in many areas especially in designing suspensions in cars and other vehicles.

But it is not useful for keeping time of periodic events. So, in order to sustain the oscillations, one needs to pump energy
into the system to compensate for the loss of energy due to damping. This is achieved by various ways and here we
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consider a periodic sinusoidal force as the driving force for the oscillator. The equation of motion gets modified as
follows:

X+ UX+ wix = Fysin (wr) ©)

where Fy is the amplitude of the driving force and o is the frequency of the driving force. This can be realised in Xcos as
shown in Fig.6.
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Fig. 6: XCOS model for Forced Oscillator

The number of input ports in summation block can be increased by adding a 1 followed by a semicolon in its set block
properties which can be obtained by left click on the block. One can set the frequency of the sinusoid generator to be close
to the natural frequency of the oscillator w, or one can choose it to be close to the resonance frequency sqrt{(we’ - 2u%).
The final integration time needs to be increased to atleast about 100 secs so that we can observe both the transient and the
steady state phenomenon. The value of p can be chosen to be 0.1 so that the damping is not too large, to start with. The
ymin and ymax settings need to be adjusted accordingly by observation. The output would look as in Fig.7.

Fig. 7: Build up of resonance for frequency very close to resonance frequency

The simulation experiment here after involves varying the driving frequency about the resonance frequency and obtaining
the amplitude at each of the driving frequency. The position vs time information is saved in a file by using the write to

output file block. The students can be shown as to how to open the file in scilab window and perform required analysis by
using the following procedure:

1. first change path giving the command cd c:\users

u=mopen('filename.txt','r"); (u is a file handle for filename.txt)

f=mfscanf(-1,u,'%e %e");\\this reads the contents of file into f; -1 option is for reading upto end of file.
plot(f(:,1),f(:,2)) (produces the output x vs t. f(:,1) reads the data from the first column in f.)
max(f(5000:10000,2)) (gives the max value of amplitude after the oscillator reaches its steady state.)
mclose(u) \\closes the file and releases the memory

ougrwWd
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This procedure can be repeated for various files and the amplitude can be obtained for the corresponding frequencies.
Finally, a plot of amplitude vs driving frequency gives us the resonance curve. The experiment can be performed by
different students for different values of p and then students can present their results to understand the impact of damping
coefficient on the sharpness of resonance. A plot of resonance curve for two different values of p is shown in Fig.8.

Amplitude

Driving Frequency in Hz

Fig: 8: Resonance curves for two different values of p

4. Conclusions:

We have seen how to use model based simulation in a constructivist perspective to perform simulation of forced
oscillator in a step by step process. We can conclude that Model based simulation could be an effective tool for making
learning an active and social process. The students may also end up varying the amplitude of the forcing frequency and
may come across chaotic systems which would encourage them to pick up material on chaos. Alternatively, if they are
inquisitive enough and read their theoretical material well, they might come up with the phase vs frequency plot. May be
even explain velocity resonance. This learning could be self evaluated by students by taking up simulation of other
systems such as coupled oscillator or a double mass system such as double pendulum or double mass spring system. The
possibilities are endless and therefore one can conclude that model based simulation is a wonderful and effective way to
learning physics by doing.
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