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1.0 Introduction
This lab is part of a project that focuses on creating a control system to position a ball on a beam
by controlling the beam incline. The beam consists of two parallel rods that form a potentiometer
with the ball to determine the ball's position. The beam is controlled by a DC motor through a
gear system and a lever arm (see Figure 1 below).

FIGURE 1: T
 he plant: a “ball and beam” apparatus. [1]
Essentially the ball will be controlled by voltage of the motor that is converted into an angle by
the control system that is created in LabView and GWiz plug in. The mathematical theory can be
observed in the diagram below (Figure 2)

FIGURE 2: T
 he plant: a “ball and beam” apparatus. [1]
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This lab focuses on creating and characterizing the inner loop (see Figure 3 below) of the
planned controller configuration to be used to control the ball/beam apparatus. The inner loop is
responsible solely for controlling motor gear angle. The lab steps involve characterizing the
motor system (the plant) and implementing several control blocks that ensure safe and smooth
operation of the motor.

FIGURE 3: Inner/outer loop control configuration for the linearized plant.[1]

2.0 Sensor Scaling
In order to scale the gear angle sensor’s voltage value to a more usable angle value in radians,
several steps had to be taken.
First, the voltage values at the zero position and extremes (positive and negative 45 degrees)
were recorded by manually moving the gear and observing the value on the GUI. Table 1 below
shows these values.
TABLE 1: Angle sensor raw voltage values
Angle (radians)

Sensor Reading (Volts)

π/4

5.99

0

6.62

-π/4

7.28

These values were inserted into an Excel sheet and plotted on a scatter plot. Using Excel’s best
fit function, a linear function mapping sensor readings to angle was determined. Figure 4 below
shows the plot and the equation of the line.
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FIGURE 4: Sensor scaling best fit approximation.
To implement this in code, the line of code that sets the variable ServoAng was modified.
Using the equation of the line determined in Excel, ServoAng was computed using the variable
angV and applying a multiplier and offset. All of the code, including the aforementioned line,
can be referenced in the Appendix.

3.0 Stiction Determination
The motor static friction (stiction) is important to characterize so that an offset can be set that
ensures the motor will move when the controller expects it to move. This was determined fairly
simply by enabling manual control mode for the motor in the GUI and slowly stepping up the
voltage applied to the motor from 0V. At first, the motor did not move as the voltage applied is
too low to overcome static friction. Eventually, the motor moved and the voltage at this threshold
was recorded. This voltage is the stiction offset.
This process was repeated twice: once for the clockwise direction and once for the
counterclockwise direction. For both cases, the stiction offset was determined to be 0.476V.
There is no code required to implement this offset, as it is already implemented in the
experimental setup. The value of the offset was set to the value determined using the input field
in the GUI.
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4.0 DC Motor Parameters
In order to characterise the DC motor plant in the experimental setup, several steps have to be
taken. A model for the controller is already provided in the lab instructions, and it matches a
typical DC motor model. The first step is to implement a controller that closes the loop around
the DC motor plant. This was done using a simple proportional controller with a single,
programmable gain (Kp) value. Figure 5 below shows a block diagram representation of this
controller.

FIGURE 5: Block diagram representation of the closed loop DC motor controller
This was implemented in the Formula Node by setting the control signal u to be equal to the
reference signal ref minus the measurement ServoAng all multiplied by the controller gain
Kp. Because of the negative slope of the sensor scaling curve determined in section 2.0, Kp is set
as a negative value. This can be seen in the code included in the Appendix.
To determine the values K1 and 𝜏 for the DC motor, a step input was applied to the setup. This
was done by setting the function generator in the GUI to a square wave of 1 cycle with a
magnitude of -0.5 and a very large period (>5s). The sampling rate of the data recorder was set at
1000 Hz. Below are a series of graphs that display the effect of varying Kp values.
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FIGURE 5: Step response of the system for Kp = -20
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FIGURE 6: Step response of the system for Kp = -25
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FIGURE 7: Step response of the system for Kp = -30
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FIGURE 8: Step response of the system for Kp = -35
To obtain the motor parameters from the measurement data, the overshoot percentage and time
to peak value was determined for each case, shown in Table 2 below.
TABLE 2: Angle sensor raw voltage values
Kp value

Percent overshoot (%)

Time to peak value (s)

-20

8.37

0.115

-25

13.0

0.110

-30

15.82

0.100

-35

15.00

0.095
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To obtain the motor parameters, the block diagram representation of the controller/plant from
figure 5 must be simplified into a single transfer function:
TF =
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The final transfer function shows that this is a second order system. For a generic second order
system with transfer function:
TF =

ωn 2
s2 +2ςω n s+ω n 2

It is known that time to peak value (Tp) and percent overshoot are equal to:
Tp =

π
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Using these formulas, the values of ζ, ωn and then K1 and 𝜏 can be computed for each case. A
summary of all computed values is shown in Table 3 below.

1−ς 2

TABLE 3: Angle sensor raw voltage values
Kp value

ζ

ωn

K1

𝜏

-20

0.6197

34.8071

-1.4042

0.0232

-25

0.5446

34.0540

-1.2505

0.0270

-30

0.5062

36.4274

-1.1994

0.0271

-35

0.5169

38.6312

-1.0676

0.0250

Averaging the four cases measured gives a final K1 value of -1.23 and a final 𝜏 value of 0.026.

9

5.0 Saturation Block
A saturation block is implemented in the experimental setup to ensure that the gear angle will not
go out of bounds and cause damage to the ball/beam apparatus. The allowable condition for the
control signal is: - 0.7rad < θref < 0.7rad. The control configuration, including a saturation block,
was implemented in Simulink to test how the saturation block will work. Figure 9 below shows
the Simulink model used to represent the experimental setup. The K1 and tau values used in the
transfer function are the values computed in section 4.0.

FIGURE 9: Simulink model of experimental setup
A step input with a value of 1 radian is input into the system and the corresponding step response
of the gear angle is recorded to the workspace. Figure 10 below shows the control signal and
angle output plotted on the same graph.

FIGURE 10: Test result of saturation block implemented in Simulink
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It is clear from the simulation results that the saturation block works to limit the command
reference to 0.7 radians, even when a higher reference position is requested.
The saturation block is implemented in the Function Node with a pair of if statements that work
to enforce the -0.7rad < θref < 0.7rad limit. The code can be referenced in the Appendix. To
ensure that the code works, an experiment is performed with the test setup. Similar to the
approach with the Simulink model, a control input of greater than 0.7 is requested from the
controller. As seen in Figure 11, the gear angle is limited to 0.7 even though the reference input
is much higher.

FIGURE 11: Result of saturation block test on experimental setup

6.0 Final Block Diagram
The final block diagram, including all of the elements implemented through the course of this
lab, is shown below in Figure 12.
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FIGURE 12: Full block diagram for inner loop

7.0 Conclusion
Through the course of the lab, the inner loop of the proposed control configuration was
successfully implemented and modelled. In particular, the sensor values from the gear
potentiometer were scaled to determine gear angle from raw sensor voltage. The scaling slope
was determined to be -1.2202 with an offset of 8.0914. A stiction offset of +/- 0.476V was
applied to the control voltage sent to the motor to ensure it is always able to overcome static
friction. The DC motor parameters were determined through experimentation, allowing a model
describing the motor plant to be developed. The final values were K1 =
-1.23 and 𝜏 = 0.026.

Finally, a saturation block was implemented to ensure the control signal is always between -0.7
rad and 0.7 rad, to ensure the safe operation of the equipment. A test was performed at the end to
ensure the closed loop controller and saturation block successfully control gear angle with
minimum overshoot and oscillation. Thus the design and implementation of the inner loop from
Figure 3 is complete.

8.0 Acknowledgements
“The authors of this report declare that, in doing the lab work and writing up the lab report for
ECE484, we followed rules 2, 3, 4, and 5 described at the beginning
of the lab manual.”
Rishab Sareen

Pavel Shering
12

Works Cited
[1] Ball and Beam Project: Student Handout. Report. ECE, University of Waterloo. 2017.

Appendix
Formula Node Code:
/* ======== USER INTERFACE TEMPLATE ============= */
/* Insert below the code for your scaling, saturation block, and
controllers.*/
/* Variables may be declared on the box border, as shown for the input
"Tms" and the output "BallPosn". Variables can also be declared inline as was
done for "Temp1". */
float Temp1;
float eGearAng;
/* Shift registers permit previous values of variables to be saved.
The output variable "e" is wired to a shift register input on the For Loop
border.
The inputs "e1" and "e2"are wired to the corresponding shift register outputs.
"e1" holds the value of "e" from the previous iteration and "e2" holds the
value of "e1" from the previous iteration. */
/* Place your sensor SCALING here */
/* NO scaling is provided for the demo */
BallPosn = posV ; /* V to V */
ServoAng = (-1.2202*angV) + 8.0914; /* V to rad */
/* SCALING end */
if (Loop < 3) /* all shift registers cleared after 3rd iteration; this
statement initializes the shift registers */
{u = e = ThRef = posV= angV =ServoAng= BallPosn= 0;}
else
{
if (Manual)
/*manual motor voltage control*/
{
u = MotV;}
else
/*control algorithm*/
{
/* CAUTION: DO NOT load the output of a nonlinear block (e.g., saturator,
offset) into a SHIFT REGISTER,
to avoid introducing a nonlinearity into your controller loop. Create separate
variables to hold nonlinear values.*/
/* Place your outer loop BALL POSITION CONTROLLER below */
BallPosn = 0; // REMOVE this line when the ball is being used on the beam
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/* Place your gear angle SATURATOR below */
if(ref < -0.7) {
ref = -0.7;
}
else if (ref > 0.7) {
ref = 0.7;
}
/* Place your inner loop GEAR ANGLE CONTROLLER below */
float Kp = -25;
u = (ref - ServoAng) * Kp;
}
}

Calculation:
clear all;
clc;
Kp = [-20, -25, -30, -35];
os = [8.37, 13.0, 15.82, 15.0];
Tp = [0.115, 0.110, 0.1, 0.095];
z = [];
wn = [];
tau = [];
K1 = [];
for i = 1:length(Kp)
z(i) = sqrt(log(os(i)/100)^2 / (log(os(i)/100)^2 + pi^2))
end
for i = 1:length(Kp)
wn(i) = pi / (Tp(i)*sqrt(1-z(i)^2))
end
for i = 1:length(Kp)
tau(i) = 1 / (2*z(i)*wn(i))
end
for i = 1:length(Kp)
K1(i) = wn(i)^2 * tau(i) / Kp(i)
end
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