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Control of an Inverted Pendulum
SYSC 3600

Laboratory #3
1.0 Introduction      
The purpose of this lab was to study the inverted pendulum that is a non-linear system. This lab also required us to simulate this system when a proportional-plus-derivative (PD) controller was used to try and keep the inverted pendulum balanced. The non-linear system was simulations were done in Simulink.
2.0 Preparation

Refer to Appendix C for equations used with there corresponding values.

3.0 The Lab

3.1 Inverted pendulum demo in SiMULINK

A built in demo of the inverted pendulum already exist in Simulink. Using this built in function ‘penddemo’ in the command window of Matlab, the inverted pendulum situation was seen. It was seen when the demo was run that as you move the cart left or right the action performed by the cart was quiet fast in order to balance the pendulum with some overshoot. This overshooting is a result of an underdamped response. Now the reason that underdamped response is preferred over an overdamped or critically damped response is because with overshooting the cart ends up a little further than suppose to (greater or less then theta = 0o), this must be done because with this behavior a theta value will be predicted (greater or less than theta = 0o) and since there is a feedback loop, theta will be feed back and from the theta feed back the action will become more clear were the cart should be resulting in it balancing the pendulum. Now if this were an overdamped or critically damped response, the cart may not be able to keep up with the pendulum in the upright position since there will be no significant overshooting, the cart would never stop moving and would continue in its direction trying to balance the pendulum.       
3.2 Testing the Pendulum
Next in this laboratory was to test the code provided in the lab manual with values given as well. This action was preformed in Simulink. The diagrams used in this section were figure 10 which is used as a subsystem for figure 3 from the lab manual.

Once the values given were entered and the code simulated a simulation was seen ‘drawpendulum’ which was a simplified version of ‘penddemo’.

Once we set the start angle to 20o with a corresponding zero-input response the system was simulated. It was observed the output from the scope for theta was a sinusoid function. This meant that the pendulum would constantly keep rotating. This was seen in the animation of ‘drawpendulum’. Similarly it was seen that for ‘x’ the cart was moving back and forth at a variable speed. The pendulum as well kept rotating while the cart was moving left to right. This was confirmed by observing the animation of ‘drawpendulum’.       

This happens because for this section an open-loop simulation is done therefore allowing constant rotation.

3.3 Simulation of PD Controlled Non-Linear Inverted Pendulum
3.3.1 Problem of derivative with the PD controller

In order to avoid the problem of derivative with the PD controller, a lowpass filter with 3-dB cutoff frequency 100rads/s was designed and placed before the PD controller. This resulted in attenuating high frequency components of error signal. The transfer function for the lowpass filter used is given below
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The bode plots for the filter are shown in Appendix A. It is obvious from the plot that the lowpass filter has a cutoff frequency of 100 rad/sec at 3dB. 
3.3.2 Simulating the PD controlled inverted pendulum
The plots for different values of angle theta shown in Appendix B. It was observed that inverted pendulum was not balanced vertical for all the angles. The PD controller was able to balance the pendulum position in the first two cases (i.e. for  = 5 and -30) whereas it failed in the later two cases(i.e. for  = 65 and 75). This is because for  = 65 and 75, the pendulum started from an angle which was too low that the system centre of gravity was far enough on the pendulum resulting in the system not generating enough force to balance its position. Hence, in the last two cases, the pendulum just kept on rotating.
3.4 Additional Questions

1. If the reference angle is set to something other than zero, then the closed loop system would not keep the pendulum at that angle, however if the angle is zero or very close to zero like 0.001 degree, the pendulum system would be able to get balance. This is because as the system reaches the reference angle, it would stop attempting to balance the pendulum, and since the pendulum reference angle is not vertical (for reference angles other than zero), that would lead the pendulum mass to push it down again. This would continue forever in an attempt by the system to stabilise the pendulum position. Therefore for the system to balance, the reference angle should be either zero or very close to zero (like 0.001 degree).

 2. There should be two initial conditions for Eq. 13 of the Lab manual. One of them is the initial angular position 
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 of the pendulum and the other one which is missing is initial angular velocity 
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 of the pendulum that needs to be taken into account. 
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 is assumed to be zero in figure 10 implementation. 
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 is the starting angle of pendulum where as 
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 is initial angular velocity of the pendulum before the PD controller system starts to balance itself.
4.0 Conclusion
After completing this laboratory, a better understanding of the inverted pendulum and its properties has been comprehended. Also understanding the difference between closed loop system and open loop system was achieved. As well the characteristics of the low pass filter were observed and understood. Finally more practice/experience in simulations using Simulink was achieved by finishing this lab.
Appendix A – Bode Diagram
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Appendix B – Plot 1 (theta = 5o)
[image: image8.png]-) Scope2.

AHBE B8





Appendix B – Plot 2 (theta = -30o)
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Appendix B – Plot 3 (theta = 65o)
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 Appendix B – Plot 4 (theta = 75o)
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Appendix C – Equations (Section 3)
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M=1000kg, m=200kg, l=10m, wn=0.5rad/s, ζ=0.7, and g=9.81m/s2
kp = 14272, and kd = 7000
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