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2.004 Dynamics and Control II

Laboratory Session 5:
Magnetic Levitation: PD and PID Control Design

Laboratory Objectives

In this lab session you will take the linearized plant model and design a PD and a PID
Controller for the 2.004 Magnetic Levitation System (Fig. 1). You will implement your
controllers and experimentally verify the performance of the controllers.

Figure 1: 2.004 magnetic levitation system.

Introduction

Magnetic levitation is used in a variety of applications, including maglev trains, contactless
melting, magnetic bearings and precision controls. The basic principle of such applications
is based on utilizing a magnetic field to counteract accelerations (like gravity) in a system
as illustrated in Fig. 2.

A circuit diagram for an electromagnet (a.k.a. solenoid) is shown in Fig. 3 with the
current i supplied by the power amplifier. As mentioned in the prelab, our primary focus is
on the modeling of system dynamics.

We start with the free-body diagram given in Fig. 2. The magnitude of the magnetic
force Fm acting on the ball is given as

Fm = C

(
i

y

)2

(1)
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Figure 2: Free-body diagram of the levitated object.

Figure 3: Circuit diagram for an electromagnet.

where C is a constant that depends on material properties and physical structure, i is the
current through the solenoid, and y is the distance between the bottom of the solenoid and
the top of the ball magnet, that is, the air gap between the two. The gravitational force
acting on the ball (with mass m) is given as Fg = mg. The equation of motion of the ball is
therefore:

mÿ = Fg − Fm = mg − C

(
i

y

)2

. (2)

Using Newton’s laws, we can generalize the above equation as a function of y in the form

ÿ = f(y). (3)

From Eq. 1, the magnetic force acting on the ball is not a linear function with respect to the
distance between the solenoid and the ball, we end up with a nonlinear differential equation.
To apply the tools in 2.004, we must linearize the system around an equilibrium point where
the sum of the two forces is zero.

To linearize the above nonlinear function, first we express the function with its Taylor
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series expansion

f(y) = f(y0) + f ′(y0)(y − y0) +
f ′′(y0)

2!
(y − y0)

2 + · · · (4)

where y0 is the point we want to linearize. To get a linear approximation of the above
function, we keep only the zeroth and the first order terms:

f(y) ≈ f(y0) + f ′(y0)(y − y0). (5)

Linearizing Fm at equilibrium point y0, the air gap at equilibrium, and i0, the current
needed to maintain y0, we get

Fm = C
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)2
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Eq. 2 at the equilibrium point then becomes

mÿ = mg −
(
C(
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)2 − 2C
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)
(8)

=

(
mg − C(

i0
y0

)2
)

+ k1y − k2i. (9)

Here we simplify the expression by using k1 and k2 for the coefficients of y and i, respectively.

As mentioned before, at equilibrium the total force acting on the ball must be 0, that is,
mg − C( i0

y0
)2 = 0, so we can further reduce the above equation to

mÿ = k1y − k2i, (10)

which can be expressed as a transfer function in Laplace domain as

Y (s)

I(s)
=

−k2
ms2 − k1

. (11)

The transfer function is second order with two real poles: one negative and one positive
locating on each side of the origin in the s-plane. This system is open loop unstable since
there is a pole in the right-half plane. Therefore we need to employ feedback control to
create a stable system.

System Components

Now we take a look at the components of the 2.004 MagLev plant, which consists of 3 main
parts:

1. Electromagnet (solenoid), driven by the power amplifier to generate the necessary
magnetic field that lifts the ball magnet.
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2. 5/8” Ball Magnet, the object to be levitated, a strong permanent magnet made of
neodymium.

3. Allegro A1324 Hall Effect Sensor, used as our feedback signal on the position of the
ball magnet.

The solenoid is driven by the current from the bench-top Linear Power Amplifier. The
magnetic field generated by the solenoid is proportional to the electrical current flowing
through it. For a given current, there will be an associated distance of the magnet that cor-
responds to an unstable equilibrium. In order to perform feedback control on this system,
we need a way to measure the distance of the ball from the solenoid.

Hall effect sensors are transducers that output a voltage in response to a magnetic field,
and can be used as proximity sensors based on the strength of the field. There is one problem
with using only a single sensor though: the magnetic fields generated by the electric current
flowing through the solenoid and by the permanent magnet will both have an effect on the
voltage outputted by the Hall effect sensor. It is impossible to tell whether the ball has
moved, or whether different current is moving through the solenoid, since both the electro-
magnet (solenoid) and the permanent magnet (ball) generate their own magnetic fields that
are being detected by the sensor.

We can mitigate this problem by using two Hall effect sensors: one on the top and one
at the bottom of the solenoid, respectively, in the opposite direction to measure opposite
field strengths. The two sensor outputs are then merged in a way that the combined signal
becomes insensitive to the current flowing through the solenoid. This is done by taking a
weighted average of the two Hall effect sensor signals by using a specially designed sensor
fusion circuit shown in Fig. 4. The center BNC connector provides the combined signal from
the output of the potentiometer, while the other two BNC connectors provide unaltered
sensor signals from the two Hall effect sensors.

Experiment #1: Calibration of Sensor Output

You will be using a modified version of the Simulink Real-Time PID Controller shown in
Fig. 5, which is located in “Z:\Course Lockers\2.004\Labs\Lab 5.” Connect the center BNC
output connector of the potentiometer circuit to ACH0 and connect DA0OUT to power am-
plifier input. Make sure to connect 9V DC power to the sensor circuit board.

In order to perform this sensor calibration, you need to make sure the manual switch,
which controls the selection of either the “bias voltage” block or the “Calibration sine wave”
block, is turned to the latter, and that all the controller gains are set to 0.

Run the real-time controller, and look at the sensor output on the “Simulation Data
Inspector” (SDI) window. It will show some sinusoidal oscillations since we provide an AC
signal to the amplifier. You may need to zoom in to a smaller region for better resolution.
Adjust the potentiometer until the amplitude of oscillations is minimized or no more than 20
mV peak-to-peak. Move the ball magnet close to the bottom Hall effect sensor and check to
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Figure 4: Hall effect sensor fusion circuit.

Figure 5: Magnetic levitation controller.

see if the sensor signal is decoupled from the changing current in the electromagnet. Once you
have tuned the sensor circuit you can then stop the program and proceed to controller design.

Note: Turn off power amp main power or circuit breaker if you are not
running any experiment to avoid excess current flowing through the
coil, which might overheat the solenoid and the sensors.
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Experiment #2: Design and Implement a PD Controller

You will now design a PD controller based off of the linearized model derived above. Utiliz-
ing a PD control scheme would allow us to increase the stability of the closed-loop system,
since the PD controller’s zero can attract the unstable pole to the left-half plane. Run
the MATLAB script maglev model.m and use sisotool for your design. In the script we
include the amplifier gain Ka and Hall effect sensor gain Kh in the plant model, and use
experimentally determined parameter values for the constant C and sensor gain Kh based
on the equilibrium point of levitating ball magnet at a distance of 30mm from the bottom
of the solenoid. In addition, a 1st order low-pass filter with time constant of 0.01s is added
to the system to minimize the effect of sensor noise. As a result, the open-loop system has
a 3rd order transfer function.

Note that for sisotool, once you have imported the transfer function, you want to show
the root locus plot and step response side by side, or top and bottom (click the VIEW menu
at the top of the window, then click the Left/ Right or Top/Bottom button). You can then
add performance requirements to either window by right clicking the responses. Double-click
on ‘C’ under the “Controllers and Fixed Blocks” widget; add a real zero and setup the de-
sired PD controller zero, as described below.

The design goal of our PD control scheme is to have a locus such that for a given value
of gain, K, all the closed loop poles are arbitrarily close to each other, and close to the real
axis (see Fig. 6). Move the location of the real zero along the negative half of the axis (try
in between each set of poles) and observe the shape of the root locus. Which shape of locus
will allow the closed loop poles to get closest together? Now fine tune the zero location to
obtain the optimal response.

Figure 6: Close up of sisotool root-locus plot showing closed loop pole locations.

We also wish to have a damping ratio ≥ 0.7. Add this specification to your root locus
plot to observe the permitted region. Choose a value of gain to make sure this is satisfied,
while also satisfying the condition above (this effectively optimizes a balance of the other
parameters).
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Implement your PD controller on the actual system and see if you can levitate the ball
magnet. You may need to adjust the bias voltage to achieve stability since each setup might
be slightly different from nominal.

1. Capture a screenshot of the root locus plot and step response for your final PD design.

2. Drive the system with a square wave and generate an actual closed-loop step response,
and try your best to estimate system characteristics such as rise time, settling time,
and percent overshoot.

3. Try driving the system with a sine wave of a variety of frequencies.

4. Try levitating several different magnets/objects to see if your controller can handle
various sizes and shapes. You may need to adjust the bias voltage to compensate for
different weights.

Experiment #3: Design and implement a PID Controller

Now that levitation is achieved with PD control, you will now add integral control to elimi-
nate steady-state error. On sisotool, add another zero (we recommend to add the second
zero at around -5) and an integrator to create a PID controller.

We have a working PD system, so the design methodology for PID is that we wish to
maintain the same Kp and Kd from the PD design before, and add the smallest Ki possible
that will still provide the integral action required to eliminate the steady-state error. Adjust
your closed loop poles so that the damping ratio ≥ 0.7 if possible. Recall from previous labs,
adding integral control action would prolong the transient response and reduce stability.

1. Capture a screenshot of the root locus plot and step response for your final PID design.

2. Drive the system with a square wave and generate an actual closed-loop step response,
and try your best to estimate system characteristics such as rise time, settling time,
and percent overshoot.

3. Try driving the system with a sine wave of a variety of frequencies.

Extra Credit: Controller Competition

See what the largest amplitude 1 Hz sine wave you can drive the system with and still
maintain stable levitation for at least 10 seconds. This may/will require fine tuning of the
controller and/or the potentiometer on the sensor fusion circuit board. You may use either
PD or PID controller for this task. Extra credit will be awarded to the best groups
in the class.
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