
LAB 8: INVERTED PENDULUM CONTROL

8.1. Start-Up Procedure.

(1) Your TA will power up the AMP and Inverted Pendulum unit.
(2) Download the Labview zip file. Unzip the file and place ALL of the contents in a folder on

the desktop. Then, within one of the subfolders you will find an exe file that will open up two
windows. One of them is the ”Virtual IP Control (Simulation)” and the other is the ”IP Control
(Hardware)”. The Virtual one is for simulation and the hardware program is for controlling the
actual experiment.

(3) Note that when starting the LABVIEW program, the encoders will always start with a zero
value. As a result, you will want to center the cart in the middle of the track and, when
you have the pendulum attached, always start the Hardware program after you have manually
inverted the pendulum.

(4) Once the system powers on, you will notice that the motor does not move. To check to make
sure the program is working properly, provide a Kpx = 50 value to the Cart Controller and a
value for kp to make sure the motor responds. Then stop the simulation.

8.2. Obtaining the Model and Model Verification.

(1) Your first task is to obtain the damping parameter, b. Make sure that the pendulum is removed
from the cart. Now, apply a reference position amplitude of 60mm at a frequency of 0.2 Hz.
Also, you will need to ”enable” the cart controller.

(2) Start with Kp,x = 1 and slowly increase the gain until achieve a critically damped condition.
PRINT the displacement plot, label it 8.2.1.

(3) From the plot 8.2.1,RECORD the Kp,x value that you used to obtain the plot.
(4) Based on the prelab equations, use Kp,x in order to estimate b.
(5) From the first equations in the prelab, WRITE out the full nonlinear equations of motion with

all of the parameters filled in with actual values.
(6) You will now verify that the full nonlinear model actually models the coupled cart and pendulum

system. First, obtain the experimental free response for the system let go at θ ≈ 180 degrees.
To do this, you will need to start the LABVIEW Inverted Pendulum.vi script, manually move
the pendulum into the inverted position and let go. Be sure to disable the controllers. You will
record 10 second the response of the system. PRINT both the cart and the pendulum plots,
label them 8.2.6.cart and 8.2.6.pendulum, and attach them to the end of the report.

(7) Now you are hoping that the full nonlinear model will be able to capture the results that you
have obtained. Download and open the MATLAB inverted pendulum nonlinear solver.m script
in the MATLAB editor. This script will simulate a free response of the system given the damping
coefficient and the initial conditions. As such, you need to insert your b parameter into the top
of the script. You will notice that the initial condition is set to π − 0.01. This corresponds to
moving the pendulum to the inverted position and letting go (note that we do not put it equal
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to 180 degrees otherwise it will take a while for the integrator to make it go unstable). Run the
script. PRINT the resulting plot of both the cart and the pendulum, label them 8.2.7.cart and
8.2.7.pendulum, and attach them to the end of the report.

(8) COMPARE the plots 8.2.6 and 8.2.7 for both the cart and the pendulum. DESCRIBE how
well they match eachother.

(9) Modify the damping parameter in the MATLAB script and see if you can get a better match
between the experimental results and the matlab results. If you change the value of b from the
estimated value to get a better response,WRITE down the damping parameter you ultimately
use to obtain the best response and PRINT the cart and the pendulum plots.

8.3. Linearization and obtaining the Transfer Function.

(1) From the prelab, plug in all of the known values, including your b value, to OBTAIN the actual
open loop Gφ(s) transfer function.

(2) Starting from the linearized equations in the prelab, use a similar approach to OBTAIN Gx(s),

just like how we obtained Gφ(s) at the end of the prelab, where x̂(s) = Gx(s) ∗ F̂c(s). Do not
plug in actual parameter values yet. Show all of your work and make sure to CIRCLE Gx.
(Hint: From the prelab, take the Laplace of (2) and solve for φ̂ as a function of x̂. Then, plug
that into the Laplace of (1) and solve for x̂.)

(3) You are now going to look at the effect of the linearization with the Labview Simulation program,
where the actual device is replaced by these transfer functions and there is a disturbance force on
the cart. Open up the Simulation windows in LABVIEW. Make sure that the Angle Controller
is enabled and that the Cart Controller is disabled. Also, insert in the b value you obtained. Set
all of the Angle Controller gains to 0. Run the simulation. Stop the simulation when, looking
at the Pendulum Angle window, the angle leaves the window (ie. |φ| > 10 degrees). PRINT
what happens to the Pendulum Angle, label it 8.3.4, and RECORD how long it takes for the
pendulum to leave the zero solution.

8.4. P, PI and PID Control for the Pendulum. You are going to obtain both a PI and a PID
controller for the pendulum feedback loop. In each of these cases, you MUST verify the gains in the
LABVIEW simulation

(1) Download and open the MATLAB file entitled root locus analysis.m. You will need to enter
in your b value that you obtained above. After you edit the script to put in your damping
coefficient, run the script. Make sure that the transfer function that is output has the same
values as the transfer function you calculated in the above section.

(2) This script is designed for you to experiment with different types of controllers: P, PI, and PID
controllers. Each of these sections are initially commented out. In order for you to use these
sections, simply select the text, right click, and uncomment. You will investigate each of these
types of controllers independently.

(3) P CONTROL: Uncomment the P controller section. Run the script. You will notice that the
root locus diagram is interactive. Simply click on the root locus diagram and, in the command
line, the gain, and zeros will be displayed. You can also click on a root locus line and drag your
mouse around. This should display the gain. DISCUSS whether a stable system is possible
and DESCRIBE what happens to the unstable root as the gain is increased. PICK a gain
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near K=50 (doesn’t have to be exact) and write down the corresponding poles. Also, PRINT
a root locus of the P control, label it ”8.4.P”, and attach it to the end of the report.

(4) You will now verify that a P controller will not give you a stable response. Open the LABVIEW
Virtual IP Simulator. Enable the Angle Controller and make sure the Cart Controller is disabled.
With Kp,φ = 50, run the simulator. Stop the simulator after it goes unstable RECORD how
long this takes in seconds. Perform this simulation again for values of Kp,φ = 50, 100, 150. For
each of these, RECORD how long it takes for the solution to go unstable.

(5) EXPLAIN how the length of time it takes to go unstable relates to the pole in the RHP and
why it changes when the gain is increased.

(6) PI CONTROL: Now, return to the MATLAB script, uncomment the PI controller section
and comment out the P section. Notice that a zero is specified as -1. According to the prelab,
this tells you that Kp = Ki in this situation. You can change the zero later if you so desired in
order to modify the respective gains. Run the script. Try to obtain a gain that will give you
all negative roots (or roots in the RHP). WRITE down the compensator transfer function as
seen in the command terminal. You should get something like K*(s+1)/s, where K is the gain
for your particular roots.

(7) PRINT a root locus of the P control, label it ”8.4.PI”, and attach it to the end of the report.
(8) Looking again at the root locus, find the gain that transitions between unstable to stable.

RECORD this value as Kcrit.
(9) You are now going to confirm your root locus design gains with the Labview Simulation program.

First, you need to CALCULATE the Kp,φ and KI,φ from the compensator you wrote down in
the previous step (see the prelab). (You will notice that, as stated before, Kp,φ = KI,φ because
we set z = −1.

(10) Enter in the Kp,φ and KI,φ values that are less than the Kcrit, say Kcrit/2. Run the script and
verify that the pendulum goes unstable. Now, enter in gains that are larger than Kcrit, say
2 ∗Kcrit and verify that the script is stable.

(11) At this point, you need to watch the video tutorial on how to properly use the pendulum
controller.

(12) After watching the video, enter in a Kp,φ = 10 and 0 for everything else. Enable the Angle
Controller. Get a feel for how the motor responds to small deflections in the pendulum.

(13) Now, enter a PI gain into the Angle Controller that gives a stable response from the virtual
program, and run the full experiment. PRINT the screenshot for 10 seconds of both the cart
and pendulum and label them 8.4.PI.Cart and 8.4.PI.Pendulum. Make sure everyone has a
chance to ”tend” the pendulum.

(14) DISCUSS how well the pendulum is stabilized and COMMENT on how well the cart stays
in the center of the track.

(15) Repeat this process for the PID controller. OBTAIN a root locus compensator that puts the
poles in the left half plane. CALCULATE the Kp,φ, Ki,φ and Kd,φ based on the formulas in
the prelab.

(16) SIMULATE the effect of this PID controller in the Simulator Program. Verify that the design
is stable. If it is not stable, go back to the root locus, increase the gain, and repeat. Only try
this a couple of times. The controller that is simulated
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(17) Only if you have verified that the gains work in the simulator program, run the full experiment
and PRINT the cart and pendulum response, labeling them 8.4.PID.Cart and 8.4.PID.Pendulum.
If you are unable to get the simulator to stabilize, print the simulation cart and pendulum and
label them instead.

8.5. PID Control for the Cart and the Pendulum. Let’s try an ad hoc approach to stabilizing
both the cart and the pendulum.

(1) In the LABVIEW simulator program, enable both the Cart and the Angle Controller and put
in the PI gains (not the PID gains) you used before in the Angle Controller. Make sure that the
Amplitude in the Cart Controller is set to 0. Now, with the simulator running, increase the Kp

value of the cart, trying to control the cart. Then, play with the other gains. Are you able to
better stabilize the cart and the pendulum? DESCRIBE how this ad hoc controller performed
compared to the pendulum only controller.


