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Abstract

The inefficient sorting methods of nonmagnetic metals can be improved by the
implementation of a nonferrous (meaning nonmagnetic) electromagnet.  Scrap metal recycling
companies use hand sorting or chemical density sorting for nonmagnetic metals. These methods are
time and labor intensive. The Nonferrous Metal Sorter project aims to reduce the need of manual
labor, use of chemicals, and the time it takes to sort these metals by creating a testbed which
attracts nonmagnetic metals such as copper or aluminum by making use of a special electromagnet.
This magnet, also called a nonferrous magnet, can vary its frequency with the help of a control
system. The variable frequency is important, as it allows for specific nonmagnetic metals to be
targeted for attraction. For example, as nonmagnetic scrap is sent down a chute or a conveyor belt,
nonferrous magnets set at different frequencies will atcract specific nonmagnetic metals, thus
sorting the scrap. This report will discuss the initial magnet design and construction which was
based on Leonard Crow’s research on nonferrous metal attraction. In order to control the variable
frequency required to attract different nonmagnetic metals, an inverter was buile. Experimentation
on the initial design led to the construction of an improved second magnet and a customized
control system. This control system is the focus of our design and is the major component of our
testbed. It is comprised of the inverter for frequency control, a capacitor bank for power factor

correction, and a sensor network to monitor the system.

Introduction

In a 1951 paper, Leonard Crow discussed techniques that could be used to attract aluminum
and copper through the use of modified electromagnets. Using his concept we wanted to develop a
nonferrous metal sorter that would actrace different metals at unique frequencies. The purpose for
constructing such a device is to enable scrap metal recyclcrs to improve the efficiency of their
sorting system. Currently, nonferrous metals are sorted by hand or chemical density sorting
methods. Both of these are economically inefficient in terms of time, labor, and material. We have
been successful in constructing a functional testbed that will allow future research to prove that
attractive, nonferrous metal sorting can differentiate between metals, however, we were not able to

prove this by the end of this school year. We split this project into four major milestones:

The first milestone was the dcvelopment of a spccialized Clectromagnct which was based on
Crow’s design. Using 60 Hz AC, the electromagnet has the ability to attract aluminum and copper.
g g g y PP

This milestone was achieved and was the major deliverable for the winter quarter.



The second milestone was modifying the power source of the magnet to operate with a DC
source. This was necessary so that the magnetic field frequency of the magnet could be varied using
an inverter. This component was essential in attempting to achieve the major strecch goal for this
project, which was to show the magnet could attract copper and aluminum when set to different

frequencies.

The third major milestone was the attachment of voltage, current and temperature sensors.

These sensors are used for data collection, operation, and the protection of the magnet.

The fourth major milestone was the development of code that would use current
measurements to track the mass of the material being picked up by the electromagnetic. However,
it was found during our research that this was not possible since there was no relationship between
current being drawn and the mass being attracted. Code was developed to operate the magnet, the
sensor network, and to provide overtemperature protection. PCBs integrating the controls for the

inverter and the sensors were built.

The completed design will function as a testbed for future researchers to test whether
differentiated, frequency-based nonferrous metal sorting is possible and economically practical. The

following block diagram shows the completed system that will function as the testbed:
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Figure 1: Systems level block diagram

The first major block of the systems diagram is the H-Bridge Inverter. The purpose of the
inverter is to give control over the frequency of the magnetic field of the magnet. The inverter is
comprised of four insulated gate bipolar transistors (IGBT) which are switched on and off by a

digital signal processor (DSP). The DSP controls the IGBTs by using sine-triangle modulation and



was programmed using Simulink. As the diagram above depicts, the inverter is powered by a 1000 V

DC supply. The inverter controls the magnet through the capacitor bank.

The impedance of the magnet changes as the frequency, controlled by the inverter, is varied.
In order to compensate for this change in impedance, the capacitor bank was created. The purpose
of the capacitor bank is to add power factor correction between the inverter and the magnet. The
capacitor bank is comprised of seven series and six parallel 1 uF capacitors. With the use of relays, it
can alter its capacitance by changing the combination of capacitors as the magnet’s frequency is
swept from 150 to 1000 Hz. The capacitor bank switching is controlled by the operator via an ring

encoder.

In order to attract nonmagnetic test picces, a special electromagnet with a specific geometry
was created. As previously mentioned, this magnet follows Leonard Crow’s design. The magnet
itself is made of a laminated steel outer cylinder and inner core. A copper ring is placed around the
inner core while 778 turns of 18 AWG copper wire was wrapped around the outer cylinder. This
provides the appropriate geometry for the magnet to generate the appropriate field of attraction for

thC nonmagnctic mctals.

In order to analyze the system and keep the magnet from overheating, a sensor network was
created. The sensor network contains multiple voltage and currents sensors with one temperature
sensor. An issue with the magnet is that it can reach component damaging temperatures, which
cause the enamel of the copper wires to melt. The sensor network also connects to two LCD
displays which shows important information to the operator including voltages, currents,
temperature, frequency, and the value of the capacitor bank. When the temperature reaches an

upper limit it will shut off the system to prevent overheating.

When designing this system, we started with the initial design and construction of the
magnet. After the initial magnet was built, we constructed the inverter which then led to the
construction of the second magnet. Issues with the inverter and second magnet gave rise to the need
for power factor correction, leading to the creation of the capacitor bank. In order to properly
analyze and control the system, we created the sensor network. All of these components then

required proper casing and cooling before they were finally integrated together.

Initial Magnet Design and Construction

The nonferrous magnet operates based on the principle that diamagnetic materials induce
eddy currents, which produce a magnetic field in an opposing direction when introduced to an

external magnetic field. Introducing two pieces of diamagnetic materials into a magnetic field will



induce repulsive forces on cach piece; this means that each object will create a magnetic field in the
same opposing direction to the external magnetic field. While the diamagnetic objects are being

repelled by the external magnetic field, the objects are simultancously being attracted to each other.

Using this principle, the magnet works by cementing a piece of a diamagnetic copper in
place within an alternating magnetic field. The magnetic field induces eddy currents in the copper,
which then produces attractive forces in other diamagnetic materials. However, while the magnet
produces attractive forces within the region of the copper, diamagnetic materials will be repelled if
placed outside of this region. Thus, the primary limitations of the magnet are that the diamagnetic
material attracted needs to be smaller than the surface of the copper region, and the material needs

to be placed within the region of magnet’s copper plane in order to experience non-repulsive forces.

The construction of the magnet consists of a cylinder with a rod suspended through the
center. A copper washer with an inner diameter equal to the diameter of rod and an outer diameter
cqual to the inner diameter of cylinder is adhered to the face of the magnet. The entire magnet is
then wrapped with wire and connected to an alternating voltage source. Passing current through the
wires creates a magnetic field B within the core of the magnet described by

B = enlsin(¥t)
where € is the magnet permeability, n is the number of turns, and 1 sin(¥t) is the alternating
current flowing through the coils. This magnetic field passes freely through the outer core of the
magnet, while also inducing a current through the copper washer creating a magnetic field in the
opposing direction. This 6:fff:ctin:1}7 creates a shaded pole, in which the flux through the center of
the magnet’s face lags behind the flux passing through the face of the outer core. Because of this
shifting magnetic field, horizontal forces are exerted onto the object towards the center of the
magnet’s face. Thus, forces are exerted onto the diamagnetic objcct of interest that atcracts the

objcct towards the magnet, while centering the Object in the middle of the magnet’s face.

The strength of the force produced by the magnet is a function of the eddy currents created
in the copper disc in the magnet and the diamagnetic material being aceracted. These eddy currents
form due to the phenomenon described by Faraday’s Law of Induction, in which circular rings of
current will be formed around a magnetic field, with a magnitudc proportional to the rate of

change of the magnetic flux

° ~ — .
Wl’lCI‘ﬁ U is thC magnitude ofthe elcctromotive {'OYCC le’ld u anOECS magnctlc HU.X.

From the equation above, it is clear that the strength of the eddy currents can be increased

by supplying the coils with more current in order to improve the strength of the magnetic field.



This increases the resistive power loss through the coils, resulting in excessive heating. It is also clear
that same effect can be achieved by increasing the rate of change of flux or by increasing the
number of windings of the coil. An increased rate of change of flux can be achieved by increasing
the frequency of the alternating current with an inverter. Therefore, it can be seen that it is possible

to increase the strength of the eddy currents without dramatically increasing resistive loss.

Using this theoretical basis as the framework, and the work performed previously by
Leonard Crow, the magnet design was begun. It was agreed carly on that an electromagnetics
simulator would be needed to Verify the Viabi]ity of different magnet geometries and also to
visualize the force acting on the test pieces of metal. From a magnetic circuit viewpoint, the
nonferrous magnet is extremely hard to model without some sort of partial differential equations
solver. This is because there are flux lines travelling through air for for several centimeters, while in
a normal magnetic circuit these air gaps would be in the order of a few millimeters. With this in
mind, in early January, two different programs were surveyed. The first was Computer Simulations
Technology. This program was casy to use. However, this program’s free student version was
extremely limited, making it unusable for our purposes. We moved on to using ANSYS Maxwell
Electromagnetics (Maxwell 3D). The full version was available to us in the lab that we were working
in.

Maxwell 3D consists of a CAD environment and a powerful set of numerical solvers that
suited the simulacion needs. It took us a few weeks to learn how to use it efficiently. We had been
simulating the coils of our magnet using helixes rather than the coil solver already in the program.
This was causing 12-24 hour solver times. Once the coil method was used, we ran multiple tests on
the first magnet design that was based on Leonard Crow’s original design in rapid succession with
the processing time reduced to around ten minutes. The simulations verified that the magnet would

be able to attract nonferrous metals.

Our customer also showed interest in designing a magnet using an E core with a shorted
secondary. We constructed one for testing and also simulated it. Based on our simulation results, we
decided not to devote much time to chis geometry. This decision was made because the simulated E

core design only started attracting test pieces at frequencies of greater than 1 kHz.

We continued to simulate multiple versions of the Leonard Crow magnet with varying
dimensions. Through simulation, we found that the geometry of the design is the key to getting the
magnet to actually attract nonferrous metals, along with the strength of the current flowing through

the primary wires, as much mentioned previously.

The first magnet that was constructed was the E core design. This magnet did not ateract

nonferrous metals, but it worked as a normal electromagnet. The first time this magnet was



constructed, 12-gauge AWG wire was used. This design drew so much current that the 15 A fuse in
the Variac controlling the AC voltage blew several times. The wire gauge was lowered to 18-gauge
and the fuse no longer blew. This was the main reason that 18-gauge wire was selected to be used in
the toroidal magnet designs later on. This magnet also dissipated heat rapidly in the ferrite core and
the windings. The external temperature was measured after twenty seconds of operation to be
greater than 200 degrees C, higher than the rating for the wire or the Kapton tape. The effect of

temperature damage to the wiring can be seen in Figure 1 by the darkened wire.

Figure 2. Constructed E core magnet

A copper secondary was constructed both out of 12-gauge wire and a copper bar for testing
for use within the E core design. A primary was wound on the outside of the E core consisting of 67
turns of 18-gauge wire. These designs were not successful at attracting any nonferrous metals. This

matched the simulated results at 6o Hz which showed no attractive force on a piece of test metal.

The first version of a working nonferrous magnet was based on Leonard Crow’s original
design. It consisted of a laminated steel outer and inner core, with a shorted copper secondary
around the inner core. Around the outer core, the winding of the primary was wrapped. The initial
design was powered by 60 Hz alternating current. The following figure shows a mechanical drawing

of the first working magnet design:
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Figure 3. Mechanical drawing of magnet (all dimensions in inches)

Several different types of core materials were analyzed. Powdered iron, ferrite, Mu Metal,
and laminated steel. All of these core materials had advantages and disadvantages with regards to
geometric availability, saturation, and ohmic heating. For the design, the unique geometry was
something that had to be considered, because the availability of the shapes at the dimensions we

needed was limited.

We chose to work with laminated steel because it would enable reduced core losses at 6o Hz
AC, which was to be the first test frequency, and would work within the range of frequencies that
was planned to operate the inverter within, 100-1000 Hz. The dimensional design of the magnet was
based on the availability of materials. Laminated steel is not something that comes in a variety of
prefabricated shapes. Laminated steel toroids were found on eBay made by a person in New York.
The dimensions of the toroids were an inner diameter 2.97, outer diameter 4.66”, and height 2”.
Using this as the basis for the fabrication of the rest of the magnet, we sought to find components

to make the copper secondary and the inner core. The cost of these toroids were §46.60 cach.

A scrapped transformer core made of laminated steel was machined down to a circular
shape. This machining process was difficult due to the steel laminations, so the core size ended up
being an oval with the dimension seen in Figure 2. With the inner and outer core sizes defined, we

were able to fabricate the copper secondary.

Three 3 inch by 1 inch copper dises were purchased off of eBay at a cost of $19.99 cach. These
dises had to have some of their diameter reduced so that they could fit inside of the inner diameter
of the outer core. This left discs with a diameter of 2.9”, matching that of the inside diameter of the
outer core. One of these discs was machined further, removing the center so that it could be placed

around the inner core. The other disc was left solid. This was done to test the necessity of the inner



core. It had been theorized carly on that this core worked only as a centering device, which Crow
had mentioned only vaguely in his paper, and was not necessary to attract test picces. It was verified

that the center core was not necessary to attract metals in Maxwell 3D before making this decision.

The machining process of the copper was labor intensive. This took almost five hours of
machining time. This was due to the necessity to go slow with the milling and laching processes to
prevent the cutters from overheating and being damaged. The copper disc that had to be bored out

in the center had to be slowly machined, and it got hot enough to change color in the process.

Two toroids were stacked on top of cach other and taped together using Kapton tape.
Kapton tape is high temperature tape which is tested by DuPont up to 200 degrees C. Ohmic
heating in the core and winding was expected beyond what normal electrical tape could withstand.
It was found out later that the core did not heat as quickly as the wires. Most of the thermal issues
during the magnet’s operation arose from the ohmic losses in the wire. The wires were rated at 200
degrees C. Therefore, thermal protection was integrated into the sensor network in spring with a

temperature cut off of 190 degrees C.

The primary was wound by hand around the toroids. For the first magnet, 18-gauge AWG
wire was chosen and 135 turns were spun. As mentioned previously, it had been found during
experiments with an E core design that higher gauge wire allowed the magnet to draw too much
current and blew the fuse in the Variac that we were using, while 18-gauge did not. 18-gauge wire

provides a current capacity of 16 A at 90°C.

This magnet was first tested using 60 Hz. It was successful in attracting copper and
aluminum, both with and without the inner core. The testing of the first toroidal magnet when
connected to 60 Hz AC was successful. We were able to attract copper and aluminum pieces when
the voltage was around 45 VAC and 19 A. However, this did cause some damage to the wire of the
magnet. We found that the atcractive force increased as the voltage and current increased. This
verified our simulated research tieing attractive force to current through the primary. The highest
voltage that was tested was 115 VAC. However, the wire of the magnet got extremely hot, up to
190°C after 30 seconds of operation. The laminated steel cores would reach temperatures of
approximately 80°C and the copper secondary around 50°C. Using this information, we determined
that thermal protection was a primary concern for the development of this magnet as a piece of

industrial equipment.

While the metal test picces were successfully ateracted, they did not hold to the magnet
without the support of strings being held by the experimenter. They would begin to slide down the

face of the magnet. This meant the attractive force of the magnet was not greater than the force of



gravity that was working orthogonally on the magnet. This method also did not allow us to change

the magnetic field frequency since we were using the nominal AC voltage supplied by the building.

Inverter Design and Construction

It was known that the key to making this magnet able to differentiate between metals was
the frequency of the magnetic field. This meant that the frequency of the current flowing through
the primary coils had to be controlled. In the fall, the use of an inverter was proposed, and an
H-bridge topology had been chosen due to its reliability and case of construction. An H-bridge
power inverter using sine-triangular PWM modulation was constructed to enable us to vary the
frequency of the magnetic field. This enabled the inverter’s output to be a sinusoidally varying
signal, which could be used to drive the magnet. For switching devices, we selected the Infineon
FF150R12ME3G IGBTs. These were available to us in the lab and at a cost $92.57 each. There were
also evaluation boards that were used as the gate drivers for these IGBTs, simplifying the task of
having to construct the gate driver from scratch. The boards were Power Concepts 2SPo115T2A.

These cost $90.05.

An H-Bridge inverter is also referred to as a single phase voltage source inverter. In an
H-Bridge, four switches are used. Two switches have high inputs while two have low inputs. As the

switches are alternated between on and off, square wave PWM is generated.

However, a square wave PWM would not give the constantly changing current needed for
the magnetic field to alternate in the manner needed for the magnet to operate. To overcome this
problem, sinusoidal pulse widch modulation (SPWM). SPWM involves comparing a triangle wave,
the carrier signal, to a sinusoid which has a fundamental frequency equal to the desired frequency of

the output voltage.

These IGBTs have a current rating of 200 A and maximum switching frequency of 20 kHz.
To implement the sine-triangle modulation, a TI-2833 Delfino Microcontroller DSP was selected.
This was attached to a Piccolo experimenter board, part name TMDSDOCK28335, at a total cost of
$154.26. This was sclected because a coworker, Atif Magsood, in our lab, has experience using these
DSPs. He assisted in showing how to set up the control system using Simulink, and also in

constructing and debugging the inverter.

The DSP was programmed graphically using Simulink. This allows programming with
blocks instead of writing C code from scracch. This enables us to change the fundamental frequency
within the program. It was originally set to 250 Hz. In the spring quarter, a potentiometer was

added to an A/D pin to be able to vary the frequency without having to reprogram the DSP in



Simulink. This was also linked to the control of the overall system. This can be scen in the

Appendix Image 1.

The original inverter was fed from a 1 kV, 30 A DC power supply through a 450 V, 2200 uF
capacitor to filter stray inductance from the power supply. In the spring this capacitor was
increased to 1000 V at 970 uF. The current then enters the two IGBT packages, mounted on heat
sinks, which cach contain two IGBTs. These are controlled by the DSP via the gate driver. The
outputs of the IGBTs are then connected to the primary of the magnet. The following image shows

the first experimental setup for the inverter:

Figure 4. Experimental inverter setup in March of 2018.

After the inverter was constructed, the first iteration of Crow’s magnet was connected to it.
It was first tested with the DC supply set to 200 V and 5 A, with the inverter set to a frequency of
250 Hz. The magnet performed better than it did powered by 60 Hz, at least in terms of attraction,
but the power consumption was still around 1 kW. The attractive force was strong enough that the
lighter aluminum piece was able to stick to the magnet without the aid of the experimenter,
however, the heavier copper piece did not. This had not been the case using 60 Hz. At 60 Hz, there
was an attractive force but it was not enough to keep this piece of aluminum on the magnet. This

can be seen in the following figure:



Figure 5. Aluminum disc being held to the 135 turn magnet controlled by the inverter.

It was found that the inverter could not accept a voltage higher than 300 volts. We discussed
this with the Ph.D. student who advised us with the design of the inverter. He said that the gate
drivers had an automatic shutdown that occurred whenever stray inductances grew to levels that
could cause damage to the circuitry. He suggested several remedies, such as placing more capacitors
on the inputs of the IGBT, using a busbar to connect the IGBTSs instead of wire, or moving the 2200

uF CQ.leCitOf as ClOSC as pOSSiblC to tl’lC gZIEC drivers themselvcs.

The filter capacitor at the input was replaccd by a Cornell Dubilier Electronics
947C971K102DLHS. This capacitor was a metal film capacitor with a capacitance of 970 uF and a
DC Voltage rating of 1000 volts, which would allow us to maximize the 1 kV power supply in the lab.

It was large, measuring approximately 6.5” in height by 4.5” in diameter. It cost $138.40.

The casing for the inverter was selected to be an aluminum case that was designed to fit into
a 19”7 server rack. This case gave us plenty of space to work with and proper ventilation for the
inverters. This cost $133.70 and was a Bud Industries RM-14213 and associated fixtures. A PCB was
designcd that powercd the gate drivers of the IGBT which needed 15V, supplied 5V to the DSP,
and jumped the signals from the DSP to the gate drivers. Figure 6, scen below, shows the inverter

inside of its enclosure:
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Figure 6. The enclosed inverter

The PCB converted 120 VAC to 15 VDC to power the gate drivers and 5 VDC to power the
DSP. The box was grounded for safety. Banana jacks were used for the input and the output of the
inverter to ensure safe and reliable connections from the DC supply and to the capacitor bank. 12
AWG wire was used for the connections inside of the H-bridge to ensure the wires would not be
damaged by the flow of current which could be up to 20 A based on the inverter design. The IGBTS
themselves were mounted on finned, aluminum heat seats to help dissipate heat and prevent

damage to them.

The set of tests using the 135-turn magnet and the inverter proved what was expected
thcoretically. As the frequency of the alternating magnetic field increased, it was expected that the
eddy currents being generated in the test metal would increase, and therefore the attractive force
would increase, but less current would have to flow through the primary. This means that using a
well-designed inverter as a means of increasing the force is essential to making this a commercially

deployable system.

Second Magnet Construction and Power Factor Correction

With the experimental success of the first design using both 60 Hz and 250 Hz, a second
magnet was constructed using the same dimensions. This magnet was to have an increased amount
of turns on the primary in hopes that this would reduce the power consumption of the magnet. This

second magnet had 778 turns in the primary winding. It was expected that this second magnet






