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Abstract 
A system for detecting molten aluminum through six (6) inches of resin-bonded sand is 

presented.  Its implementation is based upon the concept of eddy current testing as a means of 

non-destructive evaluation.  This report details the design of an electro-magnet as a transducer 

and an Automatic Gain Control (AGC) circuit built upon an Op-Amp resonator.  The project was 

funded by General Motors and the performance of the system was evaluated through testing with 

molten aluminum at Metal Casting Technology, Inc.  
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Executive Summary 
Metal Casting Technologies, Inc and General Motors Corporation are interested in the 

development of a feedback control system to be implemented in their Precision Sand-Casting 

(PSC) processes.  When casting parts with complex geometries, sudden changes in volume as the 

molten metal fills the cast can cause significant defects to the structural integrity of the part.  

These defects can be minimized by controlling the flow rate of the molten metal.  Therefore, the 

challenge presented by our sponsors is to create a sensor that can detect the presence and flow 

rate of molten aluminum through six inches of lake-sand bonded with a phenolic urethane.  The 

information from this sensor could then be used to control the flow rate of the aluminum and 

consequently minimize the number of defects that occur in the part. 

This report documents the development of the sensor for this feedback control system.  

An electromagnet transducer driven by a resonant Automatic Gain Control (AGC) circuit is 

presented as an effective means of detecting molten aluminum through six inches of bonded 

sand.   

The theory behind its operation is based on eddy currents being induced in the molten 

aluminum.  An eddy current is the circular flow of electric charge within a conductive medium 

that arises when it is subjected to a time-varying magnetic field.  The circulation of eddy currents 

result in power losses dissipated within the conductive material in the form of heat.  This power 

comes from the source of the time-varying magnetic field that is present, as its energy is coupled 

to the conductive medium.   

In addition, the eddy currents that flow in the material produce their own magnetic fields 

which interact with the primary magnetic field.  This interaction between the magnetic fields is 

called Mutual Induction.  Mutual induction between a coil transducer and a conducting medium 

affects the electrical impedance, Z, of the transducer.  By measuring changes in the resistive and 

inductive characteristics of the coils complex impedance, information can be gathered about the 

conducting material. 
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Figure 1: C-core coil sensor 

The transducer in the system is the c-core coil sensor pictured in Figure 1.  The sensor is 

comprised of a ferrite core serving as the coil former and 120 turns of 16 AWG magnet wire.  

When the coil is energized, the magnetic moments of the ferrite particles are aligned, causing an 

increase in the strength of the magnetic field emanating from the sensor.  The shape of the coil 

keeps the majority of the magnetic energy aimed in the forward-direction by orienting both of 

the magnet’s poles towards the region of interest.   

With no aluminum present, the inductance and series resistance of the coil were measured 

with an LCR meter to be 1.5355 mH and 7.18 Ω, respectively.  The total change in these values 

upon introducing a large aluminum plate positioned six inches from the coil were extremely 

small, deviating by less than 3.5%.  To measure these small changes, an extremely sensitive 

drive-circuit was necessary.   

To accomplish this, an op-amp resonator was developed with the coil-sensor serving as 

the inductor in an LC-tank network.  This resonator serves as the foundation for an Automatic 

Gain Control (AGC) loop which compensates for ohmic losses due to mutual induction by 

increasing the gain of the op-amp resonator as aluminum is detected by the transducer.  The 

AGC circuit varies the gain of the resonator by adjusting the RDS value of a CD4007 MOSFET 

device based upon an error signal corresponding to the amount of deviation between a 

predetermined voltage value and the actual voltage across the transducer.  This error signal can 

then be measured and processed to determine the position of the aluminum with respect to time. 
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 Several tests with both solid and molten aluminum were performed, requiring a variety of 

data acquisition (DAQ) systems.  Two DAQ systems were created that interfaced LabView 8.0 

with the Agilent MSO6012A Oscilloscope and acquired data from both single and multiple-coil 

system configurations.  A third DAQ system was developed with the Data Acquisition Toolbox 

(DAT) in MATLAB and the 1608FS hardware DAQ from Measurement Computing to enable 

higher sample rates and streamline the process for analyzing the data.   

 Initial tests were performed with solid aluminum to determine the field-of-view (FOV) of 

the c-core sensor for calibration purposes.  Using a linear-motion table to move a sheet of 

aluminum into the coils magnetic field at a constant rate, the vertical FOV of the c-core sensor 

was determined to be ±3.5 inches from the center-line of the coil (seven inches total) as shown in 

Figure 2. 

 
Figure 2: Field-of-View (FOV) of the C-core coil 

Three separate tests were performed with molten aluminum at Metal Casting 

Technologies in Milford, NH.  The first and second tests on November 10th, 2006 and December 

8th, 2006 were for proof-of-concept purposes concerning single and multiple coil configurations.  
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The third test on March 5th, 2007 was intended to evaluate the performance of the AGC circuit 

and establish the resolution of the system.   

In the third test, thermocouples were placed in the mold as a means of validating the 

accuracy of the metal sensing system.  Based on the data acquired from both the coil-sensor and 

the thermocouples, it was determined that the molten-metal sensing system was capable of 

determining the position of the metal to within an uncertainty of ±0.25 inches, largely due to the 

noise present on the signal.  The plot in Figure 3 depicts the comparison between the sensor 

signal and the thermocouple traces. 

 
Figure 3: Sensor signal and thermocouple data illustrating the accuracy of the AGC system 

While the accuracy of the system was good, a lack in repeatability between subsequent 

experiments was identified.  A drift in the output signal from the AGC circuit was observed 

between consecutive tests, affecting the sensitivity of the system.  This drift is caused by 

temperature variations in the vicinity of the AGC circuit, affecting the electron mobility of 

semiconductor devices present in the closed compensation loop.  If the sensitivity of the system 
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is not constant from one mold to the next, it will be impossible to predict the position of the 

aluminum metal front in real-time to an appropriate degree of accuracy. 

Further research is necessary to eliminate this temperature-dependency, either through in-

circuit compensation or some other circuit configuration which eliminates the temperature-

sensitive components.  Additionally, the coil sensors could be optimized to both create a specific 

field-of-view, as well as increase the sensitivity of the coil via different techniques of magnetic 

field-focusing.    
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1 Problem Statement 
General Motor Corporation (GM) and Metal Casting Technologies (MCT), a subsidiary 

of GM and Hitchner Manufacturing, are faced with many challenges and problems associated 

with the casting of GM’s V-block engines.  Due to the engine block complexity, it is very 

difficult to machine an engine block from a single piece of aluminum.  As an alternative, a 

method called Precision Sand Casting (PSC) makes it possible to cast an engine block with great 

ease and dimensional accuracy.  The eight-cylinder, V-block engine is an example of a part that 

GM creates using the PSC method.  

Due to the complex geometry of some cast parts, there is inevitably a host of problems 

that a metallurgist must address to produce a quality casting.  In the case of the V-block engine, 

there are a variety of areas that pose a problem.  Looking at the side view of the engine block as 

seen in Figure 1.1, it can be seen that the profile of the block results in a constantly changing 

part-volume.  An important piece of information to note is that the aluminum is pumped into the 

mold from below. If the flow-rate of the molten aluminum is not increased as the volume of the 

fill cavity increases, and the flow-rate is not decreased when the volume decreases, many 

problems can occur.   

 
Figure 1.1: Side profile of a V-block engine (upside-down) 

In addition, Figure 1.2 identifies an area referred to as the “skirts” (outlined in yellow) of 

the engine block.  The point at which the skirts branch from the bulk of the engine block 
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represents one of the thick to thin transitions mentioned.  These volumetric transitions cause a 

problem when molten material is being pumped at a very high rate of flow, used to fill the very 

large cavity, then the volume of the cavity suddenly decreases creating a significant increase in 

back-pressure within the mold.  This pressure can cause a variety of problems, such as the 

dislodging of some of the sand within the mold or even a sudden stop in metal flow altogether.   

 
Figure 1.2: Side profile of a V-block engine with skirt areas highlighted 

The best way to avoid problems such as these would be to adjust the flow rate of the material 

when thick to thin volume transitions occur.  However, it is very difficult to know or predict 

where the molten material is within a sand cast at any given moment.  For one thing, it is 

impossible to monitor the process visually since the cavity is completely encased in sand.  

Furthermore, parameters such as flow-rate, melt temperature and even atmospheric pressure are 

too inconsistent from pour to pour to allow engineers to predict the location of the melt within 

the cast as a function of time. 

 The goal of this project was to create a system that could determine the position of an 

aluminum molten-metal front though six (6) inches of resin-bonded sand.  The system needs to 

be as accurate as possible and produce repeatable, consistent results.  Ultimately, the system 

would be interfaced with the aluminum delivery system (an electromagnetic pump) to make 

adjustments to the metal flow-rate in real-time. 
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2 Background 
This section will provide background information about eddy currents, specifically 

Faraday’s Law, mutual inductance, skin depth, and impedance. It will also give insight into 

precision sand casting and how eddy currents are utilized in this project.  

2.1 Eddy Currents 

The scientific foundation for our project comes from the phenomena of induced eddy 

currents.  An eddy current (also known as a Foucault current) is the circular flow of electric 

charge within a conductive medium that arises when it is subjected to a time-varying magnetic 

field.  The circulation of eddy currents result in power losses dissipated within the conductive 

material in the form of heat.  This power comes from the source of the time-varying magnetic 

field that is present, as its energy is coupled to the conductive medium.  The coupling of the 

energy between a magnetic field and a conductive circuit path is known as mutual induction; the 

principle upon which the operation of a transformer is based.  This phenomenon can be 

explained mathematically through Faraday’s Law, and more generally by one of Maxwell’s 

equations for time-varying fields. 

2.1.1 Faraday’s Law 

On opposite sides of the Atlantic Ocean, two scientists were performing similar 

experiments with an identical hypothesis that since electric fields create magnetic fields, then 

magnetic fields should somehow create electric fields.  In 1831, both Michael Faraday in 

London, England and Joseph Henry in Albany, NY proved their hypotheses to be true by 

discovering that magnetic fields can produce electric current in a closed conducting path, but 

only if the magnetic flux linking the surface area of the loop changes with time [1]. 

 The two scientists were able to prove their results to be true with the help of a device 

called a galvanometer, which simply detects electric current in a circuit.  A loop of wire was 

connected to the galvanometer and a conducting coil, wired to a battery, was placed nearby.  The 

two scientists found that in the instant when the battery was connected and disconnected, to and 

from the battery, the galvanometer indicated the flow of current within the loop of wire.  What 
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followed was the aforementioned finding that a changing magnetic field (and therefore, a 

changing magnetic flux) would cause an electric current to flow in a closed path [1]. 

 Though both scientists arrived at the same discovery independently of one another at 

about the same time, the finding is attributed to Faraday and the resultant mathematical 

expression is known as Faraday’s Law, Equation 2.1. 

 

dt
dNVemf
Φ

−=
v

 

Equation 2.1 

 

 The above equation states that the electromotive force, Vemf, induced in a closed 

conducting path (ie, a loop of wire) is equal to the negative time rate of change of the magnetic 

flux, multiplied by the number of closed paths (ie, number of wire loops).  The expression in 

Equation 2.1 can also be related to the magnetic field directly by the definition of magnetic flux, 

Φ, being the integral of the dot-product between the magnetic field, B, and a given surface, S. 

 

∫ ⋅=Φ
S

sdB vv
 

Equation 2.2 

 

 If we substitute Equation 2.2 into Equation 2.1, we get an expression for the induced emf, 

Vemf, in terms of B. 

 

∫ ⋅−=
S

emf sdB
dt
dNV vv

 

Equation 2.3 

 

 The process through which the rate of change of B through a given surface, S, creates an 

electromotive force in a conducting path is called electromagnetic induction.  We can take the 

expression in Equation 2.3 a few steps further to derive the integral and differential forms of 

Faraday’s law in Maxwell’s Equations. 
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 We know from electrostatics that the voltage potential at a given point, P, is equal to the 

integral of the electric field dotted with the path chosen from the point P to infinity. 

 

∫
∞

⋅=
P

ldEV
vv

 

Equation 2.4 

 

 If we expand this idea of summing the dot-product of E with dl to our loop of wire, we 

can state that the Vemf across a closed path or contour, C, is equal to the integral of the electric 

field along that contour. 

 

∫ ⋅=
C

emf ldEV
vv

 

Equation 2.5 

 

 We now have an expression for the Vemf across a closed loop in terms of the Electric 

field, E.  If we substitute Equation 2.5 into Equation 2.3 and set the number of turns, N, equal to 

1 (N=1), the resultant expression is the integral form of Faraday’s Law in Maxwell’s equation: 

 

∫∫ ⋅−=⋅
SC

sdB
dt
dldE vvvv

 

Equation 2.6 

 

 The significance of this expression is that the electric field, E, along a closed contour can 

be related to the negative time-rate of change of the integral of the magnetic field, B, through the 

surface, S, which is bounded by the contour, C.  The implications of this are enormous with 

regards to eddy currents because the closed path of the electric field can be directly related to the 

conducting path of a current, I. 

 This relationship may be easier to recognize in the differential form of Equation 2.6.  By 

applying Stokes’ Theorem (Equation 2.7, classical form) to the left hand side of Equation 2.6, 

and then canceling the two surface integrals, the result is the form in Equation 2.8. 
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∫∫
Σ∂Σ

⋅=Σ⋅×∇ rdFdF vvv
 

Equation 2.7 

   

t
BE
∂
∂

−=×∇
v

v
 

Equation 2.8 

 

 Equation 2.8 tells us that the curl, or circulation of the electric field is equal to the 

negative time-derivative of the magnetic field.  Once again, since the electric field can be 

directly related to the current that flows in a conductor, Equation 2.8 describes the circular 

(eddy) flow of current due to a changing magnetic field [1]. 

2.1.2 Mutual Inductance 

Once we are comfortable with how eddy currents are created within a piece of conductive 

material, we may begin to understand how this phenomenon can provide us with useful 

information.  Once the eddy currents have been created via electromagnetic induction, the story 

does not stop there.  Just as Faraday and Henry knew in the 19th century, an electric current 

produces a magnetic field.  Therefore, the eddy currents that flow in the material must produce 

their own magnetic fields.  These magnetic fields interact with the primary magnetic field that 

created the eddy currents in the first place, and by measuring the changes in the resistive and 

inductive reactance of the coil, we can gather information about the conducting material [2]. 

 This interaction between the magnetic fields (and therefore the currents) in each of the 

conducting structures in the system is called Mutual Induction, whose quantitative value is 

denoted by the constant, M.  The value of M is largely dependent upon the geometric 

arrangement of the two circuit structures.  For example, if the two structures are close together, a 

large portion of their respective magnetic fluxes will be shared between the two circuits and the 

value of M will be relatively large.  On the other hand, if the structures are far apart, there will be 

a small amount of flux being shared between the two and the value of M will be much smaller.  

In eddy current testing, this distance of separation between the conducting coil and the test 

material is called liftoff and as was just explained, an increase in liftoff results in a decrease in 

mutual inductance and vice-versa [2]. 
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2.1.3 Skin Depth 

The behavior of the eddy currents within the conductive medium is a very interesting 

topic and an item of great concern in many applications of eddy current testing (ECT).  We have 

already established that eddy currents flow in closed loops in planes that are perpendicular to the 

magnetic flux that creates them.  However, if we look at the cross-sectional current density of the 

conductive path, we find that eddy currents concentrate near the surface of the material closest to 

the source of magnetic flux, decreasing exponentially with depth as seen in Figure 2.1. 

 
Figure 2.1: Eddy currents generated in a test material by a coil [3] 

 This is referred to as the skin effect and is directly related to the concept of mutual 

induction described previously.  As the eddy currents flow, they produce a magnetic field that 

opposes the primary field.  The currents closest to the surface have the largest effect on the 

primary field, thereby reducing the total amount of magnetic flux penetrating the material.  

Because the strength of the magnetic field is decreasing with depth into the material, the eddy 

currents being induced are therefore weaker, distinguished by a decreasing current density. 

 The skin effect is characterized by some specific system properties that affect the depth 

that eddy currents may penetrate a material.  The depth of penetration decreases with increasing 

frequency, f, of the alternating magnetic field, as well as with increasing conductivity, σ, and 

magnetic permeability, μ, of the material.  This inverse relationship can be seen in Equation 2.9 
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below, where δ represents the standard depth of penetration, or skin depth, which is equal to 37% 

(1/e) of the surface current density [3]. 

 

f⋅
=

πμσ
δ 1  

Equation 2.9 

 

f = Test frequency (Hz) 

σ = Electrical conductivity (%IACS) 

μ = Magnetic permeability (H/mm) 

 

  In many applications of ECT such as flaw detection, the skin depth is an extremely 

important design consideration.  Cracks or flaws that are much larger or smaller than the skin 

depth, δ, may provide false flaw-locations or be undetectable due to a lack of resolution. 

2.1.4 Impedance 

As we established in the section on mutual inductance, we can gather information about 

the test material of interest by measuring changes in the resistive and inductive characteristics of 

the conducting coil.  These characteristics constitute the electrical impedance, Z, of the coil 

which is defined as the total opposition of a circuit to an alternating current (measured in ohms, 

Ω).  In general, the impedance may include three different characteristics: Resistance (R), 

Inductive Reactance (XL) and Capacitive Reactance (XC).  For our discussion, we are primarily 

concerned with R and XL, since the influence of XC in a coil structure is often negligible. 

 Since R and XL are 90° out of phase with one another, vector addition must be used to 

calculate the total impedance due to the individual constituents.  In many systems designed for 

ECT, the impedance plane diagram is used to graphically detect changes in the R and XL of a 

sensor system. 
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Figure 2.2: Complex Impedance Plane (1st quadrant only)[4] 

 The impedance plane shown in Figure 2.2 is based on vector addition.  The amplitude of 

the resistive component is mapped to the horizontal axis (0°) and the amplitude of the inductive 

reactance to the vertical axis (90°).  If these two vectors are summed together, the resultant 

vector is the total impedance, where the magnitude is related to the length of the vector and the 

phase angle will be between 0° and 90°.  The geometric expressions for the magnitude and phase 

angle of the impedance vector are given below. 

 

22 RXZ L ++=  

Equation 2.10 

 

R
XTan L=φ  

Equation 2.11 

 

Let us now discuss how the introduction of aluminum into the magnetic field of a coil 

would affect its impedance and therefore allow us to detect the presence of the material.  If our 

sensor-circuit were balanced with only air in the surrounding region, the impedance of the coil 

would correspond to a specific point in the impedance plane, indicated as point A in Figure 2.3.  
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If a piece of aluminum is introduced to the coil’s magnetic field, the resistive component of the 

impedance will increase while the inductive component will decrease.  The result of these two 

changes is an associated change in the total impedance of the coil from point A to point B in 

Figure 2.3. 

 
Figure 2.3: Impedance change from point A to point B when aluminum is introduced[5] 

 The reason that the resistive component increases is that energy which was stored in the 

magnetic field is being dissipated in the aluminum as the eddy currents circulate.  The losses 

attributed to the resistive component of any coil structure are often referred to as the ohmic 

losses in a system. 

 Similarly, the decrease in the inductive component is associated with the net 

decrease in magnetic flux caused by the eddy currents due to mutual induction.  If the test 

material were something magnetic like steel, the inductive component would increase since the 

steel would strengthen the magnetic field of the coil [5]. 

2.2 Precision Sand Casting 

Precision sand casting (PSC) is a material forming process capable of producing castings 

of complex geometries with optimum mechanical properties, excellent dimensional precision and 

good surface finishes.  As a result, PSC has been employed extensively by the aerospace and 

automotive industries in applications with significant structural demands.  Examples of such 

A 

B
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applications include various engine blocks, as well as the front mounting frames of turbojet 

engines. [6] 

As capable as the PSC process already is, there is a persistent demand for improved casts 

in a variety of areas, including higher strength, increased dimensional accuracy, shorter lead 

times, etc.  However, above all else is the goal to achieve consistency from part-to-part by the 

most cost-effective means possible.  The consistency with which a process creates parts of 

minimum variability, both dimensionally and mechanically, depends upon the controls imposed 

in the manufacturing process. [6] 

As the requirements demanded by industry raise the bar for PSC, there are a variety of 

challenges that metallurgists are faced with.  Certain characteristics of a mold, such as thick to 

thin transitions, extensive horizontal or flat surfaces and sharp corners increase the likelihood of 

a defect due to the turbulent metal-flow that they can cause during fill.  Therefore, it is critical 

that turbulent flow be minimized, and the best way to do this is by carefully distributing the 

metal at the appropriate flow rate throughout the mold. [6] 

2.3 Eddy Current Application 

For our purposes, eddy-current testing (ECT) was selected as the scientific basis for our 

system.  ECT is often used to detect flaws or defects in a conductive material through 

electromagnetic induction.  The system is initially calibrated according to what it would expect 

to see from an area free of defects, and it then uses this information for comparison with what it 

actually sees from a device-under-test (DUT).  ECT can detect very small defects at or near the 

surface of a material with minimal part-preparation and the sensors do not need to contact the 

DUT.  However, there are also some limitations of ECT, such as limited penetration into the 

material, error caused by surface roughness, etc [7], [8].  

Our system will employ the same basic principles as ECT in that we will use a changing 

magnetic field to induce eddy currents in the molten aluminum.  The difference is that instead of 

detecting flaws, we will be using the technology to determine the presence and flow rate of the 

aluminum as it fills the sand cast. 
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3 System Design 
This section will detail the design and construction of the complete non-invasive metal 

detection system. The electromagnetic sensor, the oscillator circuit, and the data acquisition 

system will all be discussed.  

3.1 Electromagnetic Sensor 

The sensor in the non-invasive melt monitoring system is the c-shaped electromagnet 

pictured in Figure 3.1.  The sensor, herein referred to as the c-core coil, is comprised of a ferrite 

core serving as the coil former and 120 turns of 16 AWG magnet wire.  Figure 3.2 is a 

dimensioned drawing of the c-core coil, indicating the inner and outer diameters, as well as the 

height of the c-core coil design. 

 
Figure 3.1: C-Core Electromagnet Coil 

 

 
Figure 3.2: C-Core Electromagnetic Coil Dimensions 

1.575” 

3.5” 1.5” 

1.75” 

3.25”



 13

 The design of this sensor evolved from a simple air-core solenoid to that pictured in 

Figure 3.1 as the result of two major design decisions.  The first of these concerned the decision 

to create a “loaded” coil (meaning a coil whose core is comprised of a magnetic material) versus 

an “air-core” coil.  The second concerned the shape of the electromagnet, specifically the 

decision between a cylindrical coil (solenoid) versus a c-shaped coil.  Both of these design 

decisions were initially based on observations from actual experimentation and were validated 

through simulation in Maxwell 3D; a three-dimensional electromagnetic field simulation 

software package created by the Ansoft Corporation. 

 
Figure 3.3: Air-Core Solenoid 

 Experimentation began with the air-core solenoid pictured in Figure 3.3.  Using an LCR 

meter (the 4284A from Agilent Technologies) to measure the impedance of the coil (real and 

imaginary components), three different aluminum samples were moved across the aperture of the 

coil at a distance of four (4) inches from the coil.  As the samples were brought into the magnetic 

field of the coil, the measured impedance of the coil was monitored and recorded to observed 

relative changes in the electrical characteristics of the coil due to the presence of the aluminum.  

For each sample, the air-core solenoid was driven at three different frequencies.  Figure 3.4 

illustrates this experimental procedure, while Figure 3.5 depicts a plot of the coil’s impedance 

with respect to the position of the aluminum sample. 
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Figure 3.4: Experimental Setup with the Air-Core Solenoid 

 

 
Figure 3.5: Coil Impedance as a function of aluminum position 

 The plot in Figure 3.5 shows a fairly linear characteristic between the dashed lines in the 

response of the coil’s impedance as the amount of aluminum within its magnetic field increases.  

This linear response is quite desirable from a transducer/sensor in many measurement systems.  
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However, the scale of the impedance change is on the order of only a few milliohms.  To 

accurately measure fluctuations like these on such a small order of magnitude, extremely precise 

and expensive equipment would be necessary.  Based on the constraints of the project, regarding 

both the scale of design-implementation and cost, the purchased of such equipment was 

determined to be inappropriate.  Therefore, the sensitivity of the coil impedance needed to be 

increased to facilitate measurement with less sophisticated equipment. 

 The decision was made to try “loading” the solenoid with a magnetic core.  In the 

presence of an external applied magnetic field, the magnetic dipoles formed by the material’s 

atomic structure align in the direction of the applied field.  With most of the core’s magnetic 

dipoles aligned in the same direction (it is nearly impossible to get every single dipole in 

alignment), the intensity of the externally applied field is increased by a multiplicative factor of 

µ (the value of µ is dependent upon the product of the material’s relative permeability, µr, and 

the constant permeability of free space, µo).  The equation which describes this amplification 

factor indicates that the magnetic flux density, B (in Tesla) is the product of the magnetic field 

intensity, H (A/m) with the total permeability, µ. 

 

HB
rr

μ=  

Equation 3.1 

 

 To validate this design decision, a 3D model of an air-core solenoid and a loaded-core 

solenoid were created in Maxwell 3D.  In each simulation, a 36”x36”x1” aluminum plate was 

positioned six (6) inches away from the apertures of the simulated solenoids.  Both coils were 

driven by an RMS current of 1 ampere at a frequency of 28 kHz.   

The total induced current within the aluminum plate was chosen to be the scalar quantity 

by which the two coils would be compared.  A larger total current corresponds to a stronger 

magnetic field inducing eddy currents through electromagnetic induction.  Figure 3.6 and Figure 

3.7 are screen-shots of the two simulations, including the coils and induced current density 

within the aluminum plates.  Note the respective scales of the induced current density for each 

simulation. 
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Figure 3.6: Air-Core Solenoid w/ Vector Plot of the Induced Current Density, J (A/m2) 
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Figure 3.7: Loaded-Core Solenoid w/ Vector Plot of Induced Current Density, J (A/m2) 

The results from these simulations are in Table 3.1.  Having integrated the current density over 

the volume of the aluminum plate, the larger total induced current occurs in the simulation of the 

loaded-core coil.  This indicates that the magnetic field emanating from the loaded-core coil is 

indeed stronger than the magnetic field from the air-core coil.  Therefore, a loaded-core coil will 

be more sensitive than an air-core coil to the presence of aluminum. 

Table 3.1:Total Induced Current; air-core versus loaded-core 

Simulation Air-Core Solenoid Loaded-Core Solenoid 

Induced Current, Real -1.404e-17 A -1.681e-17 A 

Induced Current, Imaginary 2.395e-21 A 7.832e-21 A 

Induced Current, Magnitude 

and Phase 

1.405e-17 A   @ 179.99° 1.681e-17 A   @ 179.973° 
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Through simulation, it was realized that the sensitivity of the coil could be increased 

further by focusing more of the magnetic field in the direction of the aluminum plate.  Figure 3.8 

and Figure 3.9 are plots of the magnetic field lines for a solenoidal coil and a c-shaped coil, 

respectively.  In the case of the solenoid, we see that the field lines emanate from one end of the 

coil and loop back to the opposite end.  The ends of the coil can be thought of as magnetic poles 

(north and south).  In the solenoidal configuration, the total magnetic energy radiating from the 

coil is distributed along the path of these field lines.  This means that approximately half of the 

total magnetic energy available at any given time from the solenoid structure is located in the 

region opposite the aluminum plate.  This energy is essentially wasted since it is too far from the 

aluminum to induce any eddy currents. 

 
Figure 3.8: Loaded-core solenoid streamline plot of Magnetic Flux Density 
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Figure 3.9: Loaded-core c-shaped coil streamline plot of Magnetic Flux Density 

The better configuration is the c-shaped design in Figure 3.9.  Due to the position of the 

coil’s two poles, the majority of the magnetic energy is focused in the forward region, towards 

the aluminum plate, creating a much more sensitive response in the coil’s impedance. 
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Figure 3.10: Loaded-Core Solenoid w/ Vector Plot of Induced Current Density, J (A/m2) 
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Figure 3.11: C-shaped, loaded-core w/ Vector Plot of Induced Current Density, J (A/m2) 

Once again, simulations were created in Maxwell 3D to compare the total induced current in a 

36”x36”x1” aluminum plate due to both a solenoidal coil and a c-shaped coil (both with loaded-

cores).  Figure 3.10 and Figure 3.11 are screen-shots of these simulation setups and the resulting 

values of the total induced currents are summarized in Table 3.2.  Since the c-shaped coil caused 

a larger induced current in the aluminum sample, it can be concluded that the c-shaped design is 

more sensitive that the solenoidal coil design. 

Table 3.2:Total Induced Current; loaded solenoid versus loaded c-core 

Simulation Loaded-Core Solenoid Loaded-Core, C-Shaped Coil 

Induced Current, Real -1.681e-17 A -3.932e-17 A 

Induced Current, Imaginary 7.832e-21 A -4.754e-20 A 

Induced Current, Magnitude 

and Phase 

1.681e-17 A   @ 179.973° 3.932e-17 A   @ -179.931° 
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 These two sets of simulations support the design decisions to create the c-shaped, ferrite-

core electromagnet used in the non-invasive molten metal sensing system.  Due to constraints 

place upon our budget and project timeline, the ferrite-core used in the actual sensor was 

salvaged from a toroidal core used in a previous project.  As a result, we are uncertain as to the 

actual permeability of the ferrite-core, however, it is reasonable to assume a relative 

permeability, µr, between 500 and 1000.  

3.2 Coil Support Structures 

Throughout the project, different tests were performed with different versions of the 

circuit and the coil. In order to maintain a solid testing platform, the coil support structures had 

to be adapted to the different tests. This section details the design requirements and construction 

of the two different coil support structures. 

3.2.1 Single Coil 

The first time the system was tested, only one coil was used. A support structure had to 

be designed to hold this coil in place while the molten aluminum was being poured into a sand 

mold. The support structure had to be simple due to design time constraints, but also had to be 

flexible so that is could be positioned in a variety of positions. Using the limited resources 

available, a microphone stand was chosen as an idea platform to mount the coil to. Using a screw 

clamp retrofitted to the end of microphone stand, the coil could be held at different heights and 

also moved around in a number of other ways. Figure 3.12 shows a close-up of the screw clamp 

holding the coil. The top of the microphone stand can also be seen in the right side of the photo. 
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Figure 3.12: Single coil support structure close-up 

This coil structure worked out very well during the first test with molten aluminum. Figure 3.13 

shows a photo of the coil support structure with the coil next to the sand mold that will be 

poured. The advantages of using the microphone stand were very clear; the coil could be 

positioned almost anywhere and the microphone stand provided a mostly stable base.  

 
Figure 3.13: Single coil support structure placed by sand mold 

Coil 

Screw Clamp Microphone 
Stand 
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The disadvantages of using this coil support structure was that it was finicky to setup. The joints 

in the microphone stand had to be tightened using tools instead of just by hand due to the weight 

of the coil. The microphone stand also was prone to tipping over, a problem we solved by 

making sure one leg was directly underneath the coil at all times.  

 This design worked very well for the initial tests, but a more stable platform would need 

to be designed if this system were to be used repeatedly. Another issue that was pointed out after 

the tests was the impact of the metallic support structure on the performance of the coil. The coil 

in this design is held tightly by a metal clamp. The impact of this metal near the coil was 

something that needed to be looked into further for the future coil support structure. 

3.2.2 Tri-Coil 

The second and subsequent times the coil system was to be tested, a better coil support 

structure was needed. This new structure had to have the capability of supporting up to three 

coils at a time, so that a system with an array of coils could be tested. The coils that needed to be 

supported would also be different than the first coil support structure. The new coils were 

designed alongside the coil support structure. As mentioned in section 3.1.5, the coils were 

encased in epoxy to help provide thermal and movement insulation and also to allow the coils to 

be supported without metal surrounding the center (as was the case with the original coil support 

structure). T-nuts were inserted into the epoxy during manufacturing so that a metal plate could 

be attached to the back of the coil. This metal plate then attached to the coil support structure. 

Figure 3.14 is a picture of the coil with the metal back plate installed. The t-nuts are encased in 

the epoxy and bolts are screwed into them to hold the metal plate onto the coil. 
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Figure 3.14: Metal plate attached to back of coil 

 Next a platform had to be designed to support three epoxy encased coils, each weighing 

close to ten pounds. One of the other design constraints was that the structure needed to allow for 

flexibility in the placement of the coils. This was solved by mounting the coils on a track so they 

could be raised and lowered to different heights. Figure 3.15 is an image of the track on the coil 

support structure which allows each coil to move independently in a vertical line. The white 

arrows show the axis of movement of the coils. 

Metal Plate 

T-nuts 
(embedded in the 
epoxy) 

To support 
structure 
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Figure 3.15: Track on coil support structure to allow vertical movement of coils 

 After a means to give the coils vertical flexibility was designed and constructed, a 

structure to hold the track was needed. This structure had to be strong, simple, and have the 

flexibility to be placed in a variety of different ways. Each sand mold that was used for testing 

was seated in a metal container, sitting atop a wooden pallet. The coil support structure needed to 

be wide enough to straddle the pallet. Pallets are typically 4ft square, so the coils support 

structure was designed with a width of 4’2” wide. This would allow placement outside of the 

pallet. The support structure was constructed from two 4’, 2.5” square steel tubing with pre-

drilled holes, one 4’7”, 1.5” aluminum angle, two 3’, 1.5” steel angle, and one 4’7”, 2.5” 

Coils 

Track 
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aluminum angle. Figure 3.16 is the side view of the coil support design and Figure 3.17 is the 

front view of the coil support design. 

 
Figure 3.16: Side view of coil support structure drawing 
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Figure 3.17: Front view of coil support structure drawing 

 After the coil support structure for three coils had been designed, construction began. The 

aluminum angle was drilled and bolted in place in addition to the steel angle. Then the track was 

bolted to the support structure and the coil support brackets were added to the track. Then the 

coils could be added to complete the testing platform. Figure 3.18 through Figure 3.20 show the 

completed tri-coil support structure from three different angles.  
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Figure 3.18: Completed tri-coil support structure - side view 

 

 
Figure 3.19: Completed tri-coil support structure - front view 
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Figure 3.20: Completed tri-coil support structure - rear view 

 The tri-coil support structure design performed very well in the tests. It was a very strong 

and stable base to hold the coils. It fit perfectly over the pallets, so there were no issues when it 

was put in place by the sand mold. The flexibility of vertical movement was extremely helpful 

and allowed a number of different placements of the coils for tests. The design had an added 

benefit that it wasn’t designed for. When the coils were placed alongside the sand molds, 

sometimes the molds would be tilted. The rod that attached to the coil could be loosened and the 

coil slid forward, so we could guarantee that there wouldn’t be any space between each coil and 

the sand mold. The only disadvantage to the coil support structure was its size. To move the 

structure, it had to be disassembled, which fortunately was an easy task due to the design. There 

were only six bolts that had to be removed and the structure would collapse flat for transport. 

Figure 3.21 is an image of the structure, complete with coils, during one of the tests. The coils 

flat against the sand mold, is the ideal placement for them and this design accomplished that 

goal. 

 
Figure 3.21: Coil support structure in use for a test 
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3.3 Oscillator Circuit 

An oscillator circuit is an electronic circuit which produces a repeating electronic signal, 

usually being a sinusoidal, square or saw-tooth waveform.  There are two main types of 

oscillator circuits: Harmonic Oscillators and Relaxation Oscillators [9].  Using an inductive coil 

as a sensor, a RLC oscillator, a type of harmonic oscillator with a sinusoidal output, was created. 

A RLC oscillator is an oscillating circuit consisting of a resistor (R), inductor (L), and a 

capacitor (C).  The inductor and capacitor in this type of circuit can be either aligned in series or 

in parallel for oscillation.  Figure 3.22 shows a RLC circuit with the inductor and capacitor in 

parallel.  This parallel RLC circuit, also known as a “tank” circuit, was used as the basis for this 

project.  (It should be noted that this is a simplified circuit model and does not take into 

consideration losses due to metal entering the field of the inductive coil.)  

 
Figure 3.22: RLC Oscillator (Tank Circuit) 

In this RLC circuit, electrical current alternates between the inductor and capacitor.  As the 

capacitor discharges, current flows into the inductor creating a voltage which then charges the 

capacitor allowing it to discharge, repeating the cycle.  This repeating exchange of energy is 

what creates an oscillation. 

 This tank circuit can be analyzed more closely to understand what is happening 

mathematically with the inductor and capacitor.  The formulas for finding the impedances of an 

inductor and capacitor are basic knowledge for electronic circuit theory and can be seen in 

Equation 3.2 and Equation 3.3.   

LjZL ω=  
Equation 3.2 
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Cj
ZC ω

1
=  

Equation 3.3 

 

By setting the reactance of the inductor and the reactance of the capacitor equal, knowing that 

they will have the same angular frequency, we obtain Equation 3.4. 

 

L
C o
o

ω
ω
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1

 

Equation 3.4 

 

We can then multiply both sides by ωo and perform basic algebra to solve for ωo giving us 

Equation 3.5. 

CL ⋅
=

1
οω  

Equation 3.5 

 

 Equation 3.5 represents to the resonant angular frequency of this RLC tank circuit.  When 

the reactance of the inductor and the impedance of the capacitor are equal, the total impedance of 

the circuit at resonance is equal to infinity.  This can be found by using the formula for parallel 

impedances shown in Equation 3.6. 
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Equation 3.6 

 

 Knowing that the values of the reactances of the inductor and capacitor are the same 

(denoted by variable x) and substituting this into Equation 3.6 we obtain the following: 
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Equation 3.7 

 

After simplifying this total impedance we find that at this resonance frequency the 

impedance of the system goes to infinity (Equation 3.8) 
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Equation 3.8 

 

By applying a voltage at the input of this RLC circuit we can measure the output voltage 

to analyze how this system functions.  This is shown in Figure 3.23. 

 
Figure 3.23: RLC - Input and Output Voltages 

To simplify this circuit we can combine the impedances of the inductor and capacitor 

(Figure 3.24).  

 
Figure 3.24: RLC – Combined Inductor and Capacitor Impedances 
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Equation 3.9 expresses the total impedance, ZLC, after combining the individual 

impedances of L and C connected in parallel. 

Lj
Cj

ZLC

ω
ω 1

1

+
=  

Equation 3.9 

 

This simplified version of the RLC circuit can also be thought of as a voltage divider.  

We can substitute R and ZLC into the basic voltage divider equation: 

 

Vin
RZ

Z
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=  

Equation 3.10 

 

 We can now relate the output voltage (Vout) as a function of the input voltage (Vin). 
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Equation 3.11 

 

 By substituting Equation 3.9 into Equation 3.11 and performing basic algebra we obtain 

the following transfer function for this circuit: 
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Equation 3.12 

 

 Using MATLAB we can plot the magnitude response and the phase response of the 

transfer function found in Equation 3.12.  The MATLAB script can be found in Appendix A.  

Figure 3.25 shows the magnitude and phase response of the RLC circuit with values for R, L, 
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and C being 1 kΩ, 1.648 mH, and 0.02 μF respectively.  These values were chosen because this 

inductance value is the inductance of the c-core coil used in this project.  The capacitor and 

resistor values were chosen arbitrarily when designing the oscillator described in Section 3.2.1. 

 
Figure 3.25: Magnitude and Phase Response of RLC Transfer Function 

 From the plots shown in Figure 3.25 it can be seen that at the resonant frequency the 

magnitude of H(jω) is equal to 1 and there is a 180° phase shift.  By substituting these L and C 

values into Equation 3.5 we find that we achieve a resonant linear frequency of about 28 kHz.  

This resonant frequency matches that shown in the magnitude and phase plots. 

 With the information gathered from these plots and equations it can be observed that this 

circuit is most sensitive at its resonant frequency.  This is the basis for using the c-core coil as an 

inductor in a RLC circuit.  By using the coil in resonance we would be able to monitor molten 

aluminum with optimal sensitivity. 

Finally for this RLC circuit to oscillate, it must be driven by a source.  This could be 

accomplished using an op-amp with a feedback loop to provide gain to the RLC circuit.  Ideally 
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a gain of 1 would be sufficient for continuous oscillation, but with non-ideal, real components 

with loses, this is not true.  A gain slightly larger than 1 is required to overcome these loses and 

more loses introduced by metal entering the electromagnetic field of the coil.  The following 

sections describe the circuits implemented with the RLC circuit. 

3.3.1 Preliminary Test Circuit 

The goal of the original test circuit was to provide the RLC circuit, previously discussed 

in Section 3.2, with a feedback loop driving it into oscillation.  Not knowing the exact gain 

needed for oscillation, due to losses in the coil, created the need for a source of variable gain in 

the feedback loop.  Figure 3.26 shows the circuit schematic for this original testing circuit. 

 
Figure 3.26: Preliminary Test Circuit Schematic 

The first stage of this circuit is a RLC circuit connected to an LM741 op-amp (U1) 

oriented with a negative feedback gain.  This gain was made variable by inserting a 1 kΩ 

potentiometer to connect the op-amp output to its inverting input.  The gain of this feedback loop 

can be expressed by Equation 3.13. 

2

1
R
R

Gain pot+=  

Equation 3.13 

 

By substituting the values of R1 (1 kΩ) and Rpot into eq(1) we observe a range of gain 

from about 1 to 2.  This potentiometer allowed for a quick gain adjustment, but not very 

repeatable results with a not so precise adjustment. 
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The second op-amp (U2) in this circuit was used in a voltage follower configuration 

acting as a buffer for the circuit.  This prevented any issues of loading down the oscillator when 

attempting to monitor the circuit.  The oscillation waveform was then rectified using a half-wave 

rectifier created with the 1N4148 diode.  Finally, a capacitor (C2) was used to create a DC value 

output to be measured. 

3.3.2 Automatic Gain Control (AGC) 

The idea of modifying the original circuit and creating an automatic gain control circuit 

was introduced to help eliminate the physical gain adjustment and allow calibrated, repeatable 

measurements.  The entire schematic for the AGC circuit is shown in Figure 3.27.  These next 

sections break up the entire schematic into smaller pieces explaining how they together complete 

the automatic gain control circuit. Data sheets for the LM741, TL081, and CD4007 can be seen 

in Appendix H. 

 
Figure 3.27: Automatic Gain Control Circuit Schematic 

3.3.2.1 Stage 1: Oscillator with Variable Gain 

The first part of the automatic gain control circuit that was designed was the oscillator 

with variable gain.  The RLC tank circuit described in Section 3.2 was the core of the oscillator 
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just as in the original testing circuit.  This oscillator also needed to be driven by a feedback loop 

with variable gain to compensate for losses due to metal entering into the field of the coil.  The 

idea was to remove any physical changes to the system for adjusting gain and have it instead be 

“automatic”. 

Using the design of the oscillator and variable gain from the original test circuit, the RLC 

circuit was driven with an op-amp with negative feedback.  Some alterations were introduced to 

the system though to create a voltage adjusted gain.  Figure 3.28 shows this improved circuit 

with a voltage controlled gain. 

 
Figure 3.28: AGC – Oscillator with Variable Gain 

There are very distinct changes in the automatic gain control circuit compared to that of 

the original test circuit.  The first change introduced to the system was the op-amps chosen for 

the AGC.  The LM741 op-amps were replaced by TL081 op-amps.  It was realized with an 

oscilloscope that the original LM741 selection was operating very close to the 0.5 V/μs slew rate 

threshold.  To resolve this issue the TL081 op-amp with a slew rate of 13 V/μs was chosen. 
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 The second change to the circuit was controlling the gain of the feedback loop of the 

TL081 op-amp.  The N-Channel CD4007 MOSFET replaced the potentiometer to create a new 

form of variable gain.  A MOSFET can be used as a voltage controlled resistor when operating in 

the triode region by adjusting the voltage from the gate of the MOSFET to the source of the 

MOSFET (VGS).  The change in resistance is found across the drain to the source of the 

MOSFET (RDS).  The CD4007’s resistance range was characterized by sweeping the voltage VGS 

with a power supply and measuring RDS with an ohmmeter.  A plot of these measurements can 

be seen in Figure 3.29. 
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Figure 3.29: CD4007 MOSFET Characterized - VGS vs. RDS 

The CD4007 was implemented in the circuit as show in Figure 3.28.  Although the 

MOSFET replaced the potentiometer from the original circuit it, it was not possible to keep this 

in the same location.  The MOSFET required the source to be directly connected to stable ground 

(0V) in order for the VGS - RDS relationship to function correctly.  The constant resistance and 

variable resistance positions were swapped from that of the original circuit creating this new 

configuration.  The MOSFET also required the body terminal to be connected a specific voltage 

to prevent the body to drain p-n junction from acting like a diode turning “off” and “on”.  

Resistors R4 and R5 set this body voltage to a constant -1V.  This prevented the p-n junction from 
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turning “off” and “on” because no voltage at the drain would be more negative than the -1V at 

the body. 

With this new circuit setup a new expression representing the gain of the system was 

derived and is shown in Equation 3.14. 

DSRR
R

Gain
+

+=
3

21  

Equation 3.14 

 

Because the gain of the circuit is dependent upon the resistance RDS and RDS is a function of the 

voltage VGS, it is understood why this system was considered to have a voltage controlled gain.  

By connecting the gate of the CD4007 to a feedback loop, the gain would be automatically 

adjusted. 

 Knowing the gain expression from Equation 3.14 the resistance values for R2, R3, and 

RDS needed to be chosen.  The potentiometer of the original testing circuit was measured when 

oscillation occurred.  From this measurement it was found that a gain of about 1.14 was required 

to keep the circuit in oscillation (without metal in the field of the coil). Figure 3.29 was then 

analyzed to select a voltage VGS and its corresponding resistance RDS.  R2 and R3 could be 

arbitrarily chosen so long as fulfilling the requirement of a gain of 1.14.  A spreadsheet was used 

to create a list of values for these two resistances that would satisfy the required gain using 

Equation 3.14and also be able to provide enough gain to compensate for loss due to the coil.  The 

values chosen for R2 and R3 were 1 kΩ and 7 kΩ respectively. 

 This first piece of the automatic gain control circuit was breadboarded and tested using a 

variable power supply.  This was used to emulate the feedback loop voltage controlling the 

CD4007 MOSFET.  These tests proved successful and the voltage controlled gain worked.  The 

output oscillation amplitude increased with an increase in voltage VGS and the amplitude 

decreased by reducing VGS.  By eliminating slew rate issues and removing the manually adjusted 

potentiometer, stage one was completed successfully. 

3.3.2.2 Stage 2: Amplification and Rectification 

The goal of the second stage of the automatic gain control circuit was to provide gain to 

the oscillation created from stage one and to also rectify the signal.  This second stage schematic 

can be seen in Figure 3.30.   
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Figure 3.30: AGC – Amplification and Rectification 

The amplification portion of this circuit used a TL081 op-amp.  The input of the non-

inverting terminal of op-amp U2 was the output oscillation from stage one.  Op-amp U2 was 

setup in a non-inverting gain configuration.  The gain expression describing this piece of the 

circuit is shown in Equation 3.15.   

8

71
R
R

Gain +=  

Equation 3.15 

 

By substituting the values of R7 and R8 into Equation 3.15 we get a gain of 25.  This gain 

was designed to provide a peak waveform amplitude of 5V at the output of the op-amp.  Not 

only did this op-amp provide gain to the waveform, it also acted as buffer preventing the 

oscillator in stage one from being loaded down. 

The rectification portion of this circuit consisted of a 1N4148 diode.  This diode 

essentially removed the negative portion of the signal resulting in a half-wave rectified signal.  It 

also created a 0.7V drop across the diode bringing the peak of the waveform to approximately 

4.3V. 
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3.3.2.3 Stage 3: Integration 

The third stage of the automatic gain circuit consisted of an integrator circuit, which can 

be seen in Figure 3.31.  The idea of the integrator was to sum an offset of the amplitude of the 

oscillation waveform due to of a lack of needed gain, such as when metal entered the coil's field 

of view. This integrated signal would then set the gate to source (VGS) voltage of the MOSFET, 

thus controlling the resistance of the MOSFET and changing the gain of the original oscillator.  

This final step would complete the feedback loop of the circuit.  

 
Figure 3.31: AGC - Integrator 

The integrator was also accomplished using a TL081 op-amp (U3).  The TL081 was used 

in an integrator setup with a 0.01μF capacitor with a 1 MΩ resistor in parallel, connecting the 

inverting op-amp input to the output of the op-amp.  The non-inverting input was connected to 

ground.   

A 1 MΩ resistor (R10) connected to the non-inverting input of the op-amp to the -15V 

rail.  This constantly drew 15μA of current to the -15V rail.  The 1 MΩ resistor controlled the 

process of integration because when the current flowing through R10 was equal to the current 

flowing through R9 integration would cease.  The current flowing through the resistor R9 can be 

described as the average voltage of the rectified signal divided by the resistance R9.   

From basic calculus we know that the average value of a function is found by Equation 

3.16. 
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Equation 3.16 

 

 We can then substitute a sine wave into Equation 3.16 and integrate from 0 to π. 
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Equation 3.17 

 

 Solving this equation gives us the average value for half of a period of a sine wave.  

Because the sine wave was rectified in this circuit and the second half of the period had a 

constant value of 0, we must divided Equation 3.17 by 2 to compensate for this. 
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Equation 3.18 

 

This tells us that the average voltage of the rectified signal is equal to about 0.318 (1/π) 

times the peak voltage of the amplitude.  In the case of this system, having about a 5V peak 

signal at the output of op-amp U2 and a voltage drop across diode (D1) multiplied by 0.318 gives 

a current flow of about 15μA, stopping the integration process.  If the amplitude of the waveform 

were to drop, the current flowing through resistor R9 would decrease and the integrator would 

start integrating this change.  The output of this integrator would then supply this voltage change 

to the CD4007 MOSFET.  This would control the gain and keep the waveform at a constant 

amplitude.  This output would also be the monitored “error” signal to which analysis of the 

system would be based. 

3.3.2.4 Output: Buffer 

The final piece of the automatic gain control circuit allowed the output signal to be able 

to be monitored without disrupting the system.  This output was tapped off of the output of the 
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integrator.  A buffer was constructed using the voltage follower configuration with another 

TL081 op-amp.  Figure 3.32 shows a schematic of the output buffer circuit. 

 
Figure 3.32: AGC - Output Buffer 

 

This output was the “error” signal created by the control loop.  The data in determining 

an increase in gain needed for metal entering the coil’s field was found in this signal.  This 

output was a varying DC value measured between 3V and 4V by a data acquisition system. 

3.3.3 Circuit Packaging 

In order to protect the circuitry, improve reliability, and increase the ease of connectivity, 

each circuit was soldered and packaged. Creating a packaged circuit was beneficial in creating a 

professional looking system.  

3.3.3.1 Single Oscillator 

The first version of the circuit had only one oscillator. This oscillator circuit was soldered 

onto a 2” by 4” circuit board to provide increased stability and reliability. After soldering, the 

circuit board was mounted inside of a black plastic 2.5” high, 3” wide, by 6” long project box on 

four standoffs. The box had three BNC connectors and 1 female XLR connector. The three BNC 

connectors were used to connect the circuit to the coil, the circuit to the Oscilloscope for 

monitoring, and a varying DC output that was read by LabVIEW. The XLR connector supplied 

±15volts and ground, to provide power for the circuit. Figure 3.33 is an image of the partially 
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completed packaged circuit. The circuit board has been mounted and three out of four connectors 

are already mounted.  

 

 
 

Figure 3.33: Partially completed single oscillator package 

 The packaging for the single oscillator worked out very well for testing. The BNC 

connectors allowed for a quick setup and take-down, in addition to very solid connections. The 

XLR connector for power, coupled with banana plugs, worked very well for supplying power to 

the circuit. During the numerous tests, there was never a problem with the operation of the 

packaged circuitry.  
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3.3.3.2 Three Oscillators 

For the second test, three oscillator circuits were needed. It was decided to package these 

oscillators in the same fashion as the first oscillator. The components for each oscillator were 

soldered onto one 3” by 5” circuit board as seen in Figure 3.34.  

 
Figure 3.34: Three oscillator circuit board 

The board was mounted on standoffs inside of a 5” by 7” metal project enclosure. A metal 

enclosure was chosen to help maintain a constant ground between all the BNC connectors and 

also provide a small amount of electrical shielding to the circuit. Figure 3.35 shows the 

completed circuit board mounted inside the metal enclosure.  

 
Figure 3.35: Circuit board inside metal enclosure 
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Due to having three oscillator circuits inside, a large number of BNC connecters were used. 

Three of the BNC connectors were for the coils, three for circuit calibration, three for LabView 

to monitor, and an additional three that were used to connect to a second group’s data collection 

MQP. A XLR connector powered the circuits, similar to the enclosure for test 1. Figure 3.36 

shows the completed package with all 13 outputs.  

 
Figure 3.36: Completed three coil oscillator circuit package 

The packaging for the three oscillator circuits worked out very well for testing. The BNC 

connectors again allowed for a quick setup and take-down, in addition to very solid, shielded 

connections. The XLR connector for power, coupled with banana plugs worked very well for 

supplying power to the circuit. During the numerous second rounds of tests, there was never a 

problem with the operation of the packaged circuitry.  
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3.3.3.3 Single Oscillator with AGC 

The design of the packaging for the single AGC circuit was very similar to the previous 

packaged circuitry. The circuit would be mounted inside, with one BNC for the coil, one BNC to 

hook up an oscilloscope for testing and calibration, and another BNC to output the error signal to 

the Data Acquisition system. There would also be another XLR connector to power the circuit. 

Unfortunately, due to complications and time constraints, the AGC circuit was not packaged and 

was left on a breadboard. This turned out to be fine because the circuitry could be modified very 

easily for future modification done by MCT.  

3.4 Data Acquisition 

Two data acquisition (DAQ) systems were developed for this project.   Both systems 

were designed to sample and store the value of a DC voltage signal with respect to time and each 

system encompassed certain characteristics that were appropriate for specific stages in the 

molten aluminum testing.  

3.4.1 LabView VI 

The first system was composed of a software interface created using LabView 8.0 and the 

Agilent MSO6012A mixed signal oscilloscope as the analog-to-digital (A/D) signal conversion 

hardware.  A customized set of instructions encompassing both hardware channel configuration 

and sampling protocol was created in the LabView development environment.  These 

instructions constitute what LabView calls a Virtual Instrument (VI).  The block-diagram for a 

single-oscilloscope VI setup can be referenced in Figure 3.37.  A two-scope VI was also created 

for another molten aluminum experiment with multiple sensors and was essentially identical to 

the single-scope configuration.  Therefore, the following description pertains specifically to the 

single-scope VI. 
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Figure 3.37: Block Diagram of Single-Oscilloscope Virtual Instrument (VI) 

 When LabView is instructed by the user to enter its run-mode, the program begins by 

executing the first frame of a flat-sequence.  A flat-sequence is a collection of frames, inside of 

which the user may execute any sort of function, conditional loop, display update, etc.  The 
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frames in the sequence execute in a specific order from left to right, only advancing to the next 

frame when all executables in the present frame have been successfully completed. 

 The first frame of the sequence seen in Figure 3.37 configures the Agilent MSO6012A to 

prepare for data acquisition.  In this VI, the oscilloscope triggers off of the sinusoidal waveform 

measured across the electromagnet sensor.  Therefore, channel one is set to AC coupling, while 

channel two is set to DC coupling since this channel will receive the DC output signal that will 

be recorded.  The display of the oscilloscope is also controlled and configured by this frame, 

setting the vertical range to eight (8) volts and the timebase to 0.5 ms.  Lastly, the oscilloscope is 

assigned to continuous acquisition mode and the trigger threshold value is set at 0.3 volts. 

 The second frame in the sequence executes the actual acquisition of the data and its 

storage to a pre-determined file location.  Once the first frame has completed its functions, a 

while-loop is initiated and data is read from the appropriate channels on the oscilloscope.  Once 

read, the DC voltage value is saved to a text file along with the relative sample time of the 

measurement.  After storing this value, the while loop returns to the beginning and repeats the 

procedure.  This loop will continue acquiring and storing data samples until the user tells the 

program to stop.  In addition, the DC signal being read by the oscilloscope is displayed on the 

front-panel of the VI in a waveform plot, show below in Figure 3.38. 

 
Figure 3.38: Front Panel of Single-Oscilloscope Virtual Instrument (VI) 
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 One of the problems with the LabView and oscilloscope based system pertains to its 

maximum sample rate.  Due to the limited capabilities of the MSO6012A as a hardware module, 

as well as the CPU resources required for the VI to write the data to a text file, this DAQ system 

can only record between 15-20 samples per second.  While this sample rate will suffice for DC 

signal measurement, this system would be unable to accurately measure any signal with 

frequency content above a few hertz. 

3.4.2 MATLAB DAQ with 1608FS 

The second DAQ system consisted of an executable script developed using the MATLAB 

Data Acquisition Toolbox (DAT) and the Measurement Computing 1608FS hardware module as 

an A/D converter.  This executable script, called an m-file can be referenced in Appendix B.  It is 

immediately clear that the primary difference between this DAQ system and the aforementioned 

one is that where the LabView VI was constructed through a graphical block-diagram, the 

MATLAB m-file is a list of programming code in syntax appropriate for its compiler.   

The m-file creates an analog-input object associated with the 1608FS hardware module 

with which data may be acquired from any of its eight (8) analog inputs.  The sample rate and 

duration of the acquisition (in seconds) are set via the variables ‘SampleRate’ and ‘duration’, 

respectively.  Also, the acquisition is set to begin once the voltage value on a separate channel 

exceeds a predetermined threshold value.  In practice, this trigger channel will receive a voltage 

signal from a thermocouple placed inside the runner of a sand mold and will start the MATLAB 

script once it contacts the molten aluminum. 

 From the start of the acquisition to its completion, the data is read from the channels of 

interest and stored to a buffer within the computer.  Once the acquisition is complete, the data is 

then extracted from this buffer and can be saved for further processing. 

 Compared to the LabView system described previously, the MATLAB system has the 

ability to sample an incoming signal at much higher rates due to the capabilities of the 1608FS 

hardware module.  However, because the MATLAB system stores the incoming data values to a 

buffer during the acquisition process, the values are inaccessible for real-time display or 

processing.  The data values in the LabView system are immediately accessible and would be 

capable of real-time processing in an actual implementation. 
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4 System Testing 
In order to test the metal detection system, a number of different tests were performed to 

validate the system’s performance and operational characteristics. The first test that the system 

underwent was a bench test, in the lab, where a piece of solid aluminum was used to simulate the 

molten aluminum. After the system was validated in the lab, the system was tested, on three 

different dates, at Metal Casting Technologies in Milford, NH to determine the performance and 

characteristics with molten aluminum. During each of the three days of testing, multiple designs 

and design modifications were tested. 

4.1 Solid Aluminum Bench Test 

To validate the function of the system before testing was done with molten aluminum, a 

sheet of 1/8” solid aluminum was used as a test material. Solid aluminum was used because it is 

as practically close to molten aluminum that could be used in the lab environment. To test the 

system, everything was set up as it would be for the first molten aluminum test. The setup 

consisted of the original bread boarded test circuit with a single coil.  The circuit was connected 

to an Agilent MSO6012A Oscilloscope which was connected to a laptop running LabVIEW VI 

via USB. 

In order to simulate an engine block filling with molten aluminum, a way of constantly 

moving a sheet of solid aluminum was needed.  This was done by clamping the sheet of metal to 

a motorized track.  The motor on the track was connected to a power supply and set to a constant 

DC voltage.  The coil was mounted on the modified microphone stand support structure.  The 

coil and sheet of aluminum were separated by a 6 inch gap while the metal was brought into the 

field of the coil at a constant rate. 

The LabVIEW VI created for this test successfully collected data, and the data showed 

that the system was working as expected.  The test was run to show proof of concept of the 

system with solid aluminum and to make sure the data acquisition system was working properly.   

The data from LabVIEW that resulted from the test is shown in Figure 4.1.  
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Figure 4.1: Resulting LabView data 

Also, this test showed that the coil had about a 7 inch viewing area (3.5 inches above and 

3.5 inches below the coil) at 6 inches away from the coil.  A model of this viewing area can be 

seen in Figure 4.2. 

 
Figure 4.2: Coil Viewing Area 
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4.2 Molten Aluminum Testing 

This section will look at the three tests that were performed using molten aluminum. The 

setup and results for each test will be detailed. 

4.2.1 Test 1 

The first molten aluminum testing was done at Metal Casting Technologies (MCT) in 

Milford, NH on November 10, 2006. 

4.2.1.1 System Setup 

The setup used for the first molten aluminum testing was done with a similar setup used 

for solid aluminum testing.  The same oscilloscope (Agilent MSO6012A) was used in 

conjunction with a laptop running LabVIEW VI for collecting data.  The circuit used was the 

single coil packaged circuit.  The coil and scope were connected with BNC connectors to ensure 

secure connections. Figure 4.3 is an image of the equipment setup that was used for test #1. The 

laptop on the left is running the webcam while the laptop on the right is running the LabVIEW 

DAQ hooked up to the Oscilloscope.  
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Figure 4.3: Test 1 equipment setup 

Three sand molds were prepared by MCT for this test.  The molds were sand blocks with 

thermocouples inserted into the path of the flowing molten aluminum.  Four inches of sand 

separated the coil mounted on the modified microphone stand from the molten aluminum 

flowing within the sand mold.  The coil was aligned to a desired thermocouple for each test, 

which varied for each test.  Figure 4.4 shows a model of the sand mold used.  Molten aluminum 

was poured down the fiber downsprue and filled the sand model from the bottom, triggering the 

thermocouples as it filled. 
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Figure 4.4: Test  1 system setup 

A webcam was used to capture the screen of the oscilloscope to ensure data was collected 

during pours.  This was used incase the LabVIEW data acquisition failed.  Also, the entire 

pouring of the aluminum was videoed by MCT as documentation of the testing. Additional 

photos of the system setup can be seen in Appendix E.  

4.2.1.2 Result of Visit 

This test proved that the detection of molten aluminum through 4 inches of sand with an 

electromagnetic coil was possible.  It was also determined that the heat of the molten aluminum 

would not affect the coil due to the rapid speed of the pour. The temperature at the coil was 

measured during the tests with a laser temperature sensor and found to be rising by only a few 

degrees Fahrenheit.  This eliminated a problem that had raised some concern.  

The test also demonstrated the ability of the data acquisition setup.  The data collected 

was not synchronized with the thermocouple data as the two systems worked independently.  An 

effort was made to synchronize the start of the systems and to time each of the three pours with a 

stop-watch.  The reason for this was to try and couple the thermocouple data with the data output 

from LabVIEW. This however was not one of the goals of the tests and proved to be impossible 

without a system that was integrated (LabVIEW and the thermocouple system).  

During test 1, three pours took place. All three pours were set up similarly. Appendix C and 

Appendix D show the setups for pours one and two. Pour three was discarded due to errors. 

Figure 4.5 shows a graph of the results from the first pour. The red line is the output from the 
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LabVIEW DAQ and the blue line is the output from the thermocouple DAQ. An attempt was 

made to match the data in time as best as possible, but it was impossible to match it perfectly. 

The graph is a best estimation of the synchronization between the thermocouples and the 

LabVIEW DAQ. The thermocouple data is shown normalized and the LabVIEW data is 

normalized, shifted, and flipped.   
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Figure 4.5: Test  1, pour  1 thermocouple data and LabVIEW data graph 

The second pour resulted in similar results as the first pour, which helped verify that the 

system was working and showed proof of concept. Figure 4.6 shows a graph of the results from 

the second pour. The blue line is the output from the LabVIEW DAQ and the pink line is the 

output from the thermocouple DAQ. Again the two data sets have been paired together using a 

best estimation. The thermocouple data is shown again normalized and the LabVIEW data is 

again normalized, shifted, and flipped. 
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Figure 4.6: Test  1, pour  2 thermocouple data and LabVIEW data graph 

Even though the data collected was not useful to correlate or characterize the system, the 

results from the overall test were important. This test demonstrated proof of concept and it was 

determined that the project would go under further development and require more testing. The 

conclusions from this test determined that a number of things needed to be improved and 

enhanced. The future tests would include bringing the coil away from the metal another 2 inches 

so it would be six inches from molten aluminum, introducing a multiple coil array, and creating 

better, more stable oscillator circuits with automatic gain control. 

4.2.2 Test 2 

The second molten aluminum testing was done at Metal Casting Technologies (MCT) in 

Milford, NH on December 8, 2006. 
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4.2.2.1 System Setup 

For the second set of tests with molten aluminum, a similar setup to the first set of tests 

was used. The difference between the first and second set of tests was the number of coils used. 

The purpose of the test was to see how the coils would interact with each other and/or interfere 

with each other. An array of three coils was used along with a single circuit package with three 

oscillators. Two Agilent MSO6012A oscilloscopes were interfaced with a new VI in LabView. 

Figure 4.7 shows the setup of the circuit and data acquisition equipment.  

 
Figure 4.7: Test 2 circuit and data acquisition equipment setup 

The new VI had the capability to capture data from the two oscilloscopes in addition to having 

an external start trigger. The trigger would be pressed at the same time as the trigger for the 

thermocouple data, so that the data could be aligned on a graph and the validity of the data 

checked. A new coil support structure was used to securely hold all coils in place for the tests as 

seen in Figure 4.8.  
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Figure 4.8: Coil support structure with coils and sand cast 

Another difference with the setup of this test versus the first test was the addition of a data 

recording system developed by another MQP team as seen in Figure 4.9. 

 
Figure 4.9: Data logger from other MQP group 

 Three sand molds similar to those created for test 1 were built by MCT for this set of 

tests. Each mold had a number of thermocouples to help validate the collected data from the 

coils. For these set of tests, six inches of sand will be used instead of four from test 1. The 

intended application of this technology will use six inches of sand. It was decided that the first 

pour would be setup with just the three coils, spaced seven inches apart, without the data logger 

attached. For the second test, the data logger was attached to the system. For the third test, the 
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data logger was removed and one coil was placed on the side of the sand cast as seen in Figure 

4.10.  

 
Figure 4.10: Coil located on front and side of sand cast 

This was done to examine the effect of cross coupling with the coils and also to validate that the 

coil could see a smaller size face of metal. Additional pictures of the system setup can be seen in 

Appendix F.  

4.2.2.2 Result of Visit 

The results from the first pour into mold 1 were very promising. The samples output from 

LabView were taken and cleaned up and plotted in Matlab to obtain the results as seen in Figure 

4.11.  
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Figure 4.11: Test 2 mold 1 output 

As seen in Figure 4.11, the voltage level of each coil dropped as metal was introduced into the 

field. The voltage level drops to the point at which the system cannot sustain oscillation, and then 

the output stays at a certain value. The output from each senor is almost identical, but shifted in 

time. This corresponds to the height of the metal within the mold. Coil 2 was the coil closest to 

the bottom of the mold and thus the first one to detect metal. As the level rose, it came into view 

of coil 1 and finally coil 3. The slope of the output determines the speed at which the metal is 

rising inside the mold. This is determined by how fast the metal is being poured into the mold by 

the foundry workers. Coil 3 detected a slight increase in speed of the metal inside the mold and 

thus the increase in speed by the foundry workers. Unfortunately during this test, there was an 

error with the thermocouples and no data was collected. In order to get a logical picture of the 

system output, the data was normalized and flipped within Matlab. Figure 4.12 shows a graph of 

the normalized and flipped output. 
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Figure 4.12: Test 2 mold 1 normalized output signals 

This display is easier to intuitively understand. As time increases, each coil’s voltage increases, 

corresponding to the increase in metal in its field of view. Each coil starts to detect the rise in 

molten aluminum as time progresses, indicated by the separation of the red, blue, and black lines. 
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 When mold 2 was poured, the data logger from another MQP group was connected. This 

introduced noise into the signal, as seen in Figure 4.13. 

 
Figure 4.13: Test 2 mold 2 results 

The results from mold 2 were not as good as the results from mold 1. Thermocouple data was 

gathered from the first eight thermocouples, but not from the remaining eight due to more 

thermocouple data acquisition failures. In this test, it can still be seen that the system detected the 

presence of molten aluminum in the field, but the output signal is not very clear, like mold 1. 

Also, only two sensors were used because of the limitations of the data logger.  

 The results from pour 3 were very similar to pour 1. For pour 3, the data logger was 

removed. The replication of results between pours helped verify that the system was working in a 

repeatable fashion.   
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4.2.3 Test 3 

 The third set of experiments with molten aluminum was conducted on March 5th, 2007 at 

Metal Casting Technologies, Inc.  The purpose of the test was to evaluate the performance of the 

automatic gain control (AGC) circuit. 

4.2.3.1 System Setup 

 For this set of experiments, a new grate mold was developed to eliminate several sources 

of error identified in prior tests.  These sources of error were (1) an uneven metal-front, causing a 

discrepancy between the thermocouple-indicated position of the metal and its actual position, 

and (2) a lack of synchronization between the data acquisition (DAQ) systems used for the coil 

sensor and the thermocouples.  Each of these issues were addressed to ensure that the 

conclusions derived from the experiments on the 5th would be as accurate as possible. 

 

 
Figure 4.14: 3D Visualization of the new grate mold for Test 3 
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Figure 4.14 is a three-dimensional visualization of the new grate mold structure.  One of 

the more apparent differences as compared to the previous setups is the piece of high-

temperature ceramic glass, called Neoceram, placed within the mold.  The dimensions of the 

glass are 10”x12”x3/16”, providing a visible area of approximately 8”x10” (due to sand 

overlapping the edges of the glass).  Neoceram has an extremely small thermal expansion 

coefficient (-4e-7 /°C) and a high thermal shock resistance (800°C for a 100 x100x3 mm plate).  

Therefore, it is an ideal material to serve as a viewing window since it will be able to withstand 

the thermal shock of being in direct contact with 760°C molten aluminum.  The reason for 

adding this viewing window was to use a high-speed camera to document the position of the 

metal front through video.  Based on the intended placement of this camera (see Figure 4.14), the 

orientation of the downsprue and runner needed to be rotated by 90 degrees with respect to the 

mold. 

To address the first source of error, changes were made to both the fill cavity of the mold, 

as well as the gating that delivers the metal from the runner to the mold.  In the new molds, the 

columns of sand that originally created the bar-pattern in previous molds were removed.  The 

reason for this was to ensure that there wouldn’t be five separate columns of metal rising at 

different rates, and instead create a single metal front.  In addition, the gating for the new molds 

was changed from a 1” hole at the center of the mold to a rectangular structure with the same 

horizontal dimension as the mold cavity.  The purpose of this change was to eliminate the use of 

a single source with such a small cross-sectional area (1” hole) and instead have a “distributed” 

source with a much larger cross-section.  A smaller cross-sectional source is more likely to create 

turbulent flow within the mold, so a wider gating structure helps eliminate the likelihood of this 

occurring. 

The second challenge was to synchronize the two DAQ systems used for the sensor and 

thermocouples.  The solution to this problem was to place a thermocouple in the gating of the 

mold to serve as a trigger/indicator.  This thermocouple was connected to both DAQ systems so 

that each system would be able to monitor a common signal source.  The result was a time-stamp 

by which the data from both systems could be synchronized to minimize error due to time-offset. 

Figure 4.15 is an actual photo of the new grate mold used in the experiments of Test 3. 
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Figure 4.15: New Grate Mold for Test 3 

 The data acquisition system used to acquire the error signal from the AGC circuit is the 

MATLAB based DAQ system described in section 3.3.2.  The MATLAB system is capable of 

much higher sampling rates and also streamlines the process of taking the raw sensor data and 

producing plots for post-processing. Additional pictures of the system setup can be seen in 

Appendix G. 

4.2.3.2 Results 

 Two molds were filled with molten aluminum as part of test 3.  The two error signals 

acquired from the AGC circuit for molds 1 and 2, respectively, are shown in Figure 4.16.  The 

position of the coil sensor with respect to the bottom of the grate mold was changed between the 

two molds.  For mold 1, the center of the sensor was positioned 6 inches from the bottom of the 

mold, while for mold 2, the sensor was position at 10 inches from the same reference point.  This 

variation in sensor placement explains the horizontal shift between the two signals. 
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Figure 4.16: Error Signals output by the AGC circuit for Molds 1 and 2 

 Based on the 7 inch field-of-view for the coil sensor (as determined from the solid 

aluminum tests) and the total change in voltage for each error signal, the signal traces were 

scaled appropriately to describe the position of the molten metal front with respect to time.  To 

validate the accuracy of this scaling and the performance of the AGC system overall, the 

thermocouple data from the second DAQ system was plotted with the scaled coil signal.  Figure 

4.17 is a plot of the scaled sensor signal and the thermocouple data from mold 1. 
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Figure 4.17: Sensor signal and thermocouple data illustrating the accuracy of the AGC system 

 Two thermocouple traces were chosen to evaluate the accuracy of the sensor system; the 

first at 5 inches and the second at 6 inches from the bottom of the grate mold.  At the instant that 

the thermocouples were triggered by coming into contact with the molten aluminum, the metal 

front positions at those instances were compared with the physical locations of the 

thermocouples.  As can be seen in Figure 4.17, the positions provided by the coil sensor compare 

extremely well with the physical positions of the thermocouples.  The plot shows that the system 

was able to resolve the position of the metal front to within a ±0.25 inch margin of error.  This 

error margin is due to the noise present on the sensor signal and it may be possible to eliminate 

some of this noise to further improve the resolution of the system. 

  The experiments conducted on March 5th highlighted a particular problem that must be 

addressed in order to display the metal front position in real time to a high degree of precision.  

Consider Figure 4.16 noting that the starting-voltage output by the AGC drifted by 

approximately 200 millivolts (mV) between the two experiments.  While this variation in starting 

value can be eliminated by zeroing the signal, the problem is that the voltage drift changes the 

sensitivity of the system.  For Mold 1, the change in voltage between no metal present and 

complete saturation is approximately 150 mV, while for Mold 2, the change in voltage was 
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almost 250 mV.  It is absolutely critical that the sensitivity of the system remains constant from 

one pour to the next; otherwise it will be impossible to repeatedly predict the metal front position 

to any appropriate degree of accuracy. 

5 Project Conclusions 

5.1 Future Advancements 

There are a number of advancements that need to be made to the project before it should 

be used in its intended setting. Within the two key elements of the project, the circuit and the 

coil, there are a number of advancements to be made. The many advancements for each piece of 

the project is detailed in the following sections, with the last section detailing how the entire 

system needs to be improved before use. 

5.1.1 Circuit 

The circuit could be further improved in a number of ways. The main problem with it 

currently is its temperature instability. The temperature instability is a result of using the 

MOSFET as a variable resistance. Also, the circuit needs to have a means to calibrate itself 

before each pour. The voltage level drifts slightly over time and with temperature variations. 

Another way the circuit could be improved is with a different type of oscillator that could be 

more sensitive to power loses. The current output is decent, but there could be a better signal to 

noise ratio. At this time, it is not known exactly what the output needs to be due to the lack of a 

design for a complete system with a pump integrated.  

5.1.2 Coil 

The electromagnet sensor could be further improved though various means of magnetic 

field-focusing.  With the poles of the sensor oriented horizontally, the vertical field-of-view of 

the coil is seven (7) inches (±3.5 inches from the midpoint of the coil), illustrated below in 

Figure 5.1. 
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Figure 5.1: Screen-Shot of the C-Core Sensor, illustrating its Field-of-View (FOV) 

 This field-of-view may be too large for a specific application, such as an engine block, 

where increased resolution may be a priority.  In such a case, an array of sensors forming a two 

dimensional matrix would be necessary, thereby requiring that both the field-of-view and 

physical size of the sensors be minimized.  Such adjustments would be necessary to maximize 

the 2-D resolution of the system while minimizing the effects of cross-coupling between adjacent 

sensors. 

 To meet the design criteria for a smaller sensor, software packages such as COMSOL 

Multiphysics and Ansoft’s Maxwell 3D could be used to determine the best possible design.  By 

configuring what is called an optimetric simulation, the software could continually vary the 

design parameters of the sensor, including its physical dimensions and the shape of its poles, 

until the criteria for the new sensor are fully met.  The power of a tool such as this is 

indescribable, saving countless hours and dollars on experimentation with various prototypes and 

magnetic materials. 

 The most interesting facet of the redesigned sensor would be the shape of its poles.  If the 

poles of the new sensor could be shaped according to some contour, they would then behave like 

a magnetic lens by focusing the magnetic field lines in a particular direction.  Such a technique 



 72

would make a huge impact by decreasing the overall size of the sensor while maintaining its 

ability to sense molten aluminum at a liftoff of six (6) inches. 

5.1.3 Overall System 

The primary means by which the overall performance of the non-invasive melt 

monitoring system could be improved concerns the data acquisition (DAQ) system.  To this 

point, the DAQ systems employed have only been able to store data for post-processing after the 

mold has been filled.  General Motors (GM) would like to know the position of the metal front in 

real-time (or as close to it as possible) so that adjustments could be made to the flow rate of the 

aluminum while the mold is filling.  Ideally, these adjustments would be made automatically 

through a control interface to the aluminum pumping system.  However, GM would be content 

with some sort of display that could be referenced by a technician to adjust the metal flow rate 

manually. 

 The DAQ systems used thus far have not been designed for continuous display of the 

incoming data, but could certainly be reconfigured to do so.  LabView would be a particularly 

ideal piece of software to create a real-time display due to its graphic-based design and front-

panel display capabilities.  If the oscilloscopes used previously were replaced by a dedicated 

DAQ hardware unit, like the 1608FS from Measurement Computing, LabView would be much 

more flexible concerning user access to incoming data streams.  In fact, once the thermal-drift 

issue has been resolved and the response of the AGC error signal is consistent and repeatable, 

LabView would be able to scale the incoming data and display a strip chart of metal-front 

position with respect to time quite easily.  Beyond this real-time display, it would not be very 

difficult to take the next step and generate an analog output signal which could be interfaced with 

the pumping system to close the control loop completely. 
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7 Appendices 

Appendix A – MATLAB Transfer Function Code 
%Non-Invasive Metal Detection - MQP 
%MATLAB CODE 
%Transfer Function - RLC Oscillator 
%Generate Magnitude and Phase Plots 
  
%Clean Up MATLAB 
close all; 
clear all; 
clc; 
  
%Define Values 
R   = 1e3;          %Resistor [Ohm]    
C   = 0.02e-6;      %Capactor [F] 
L   = 1.648e-3;     %Inductor [H] 
  
%Set Linear Frequency 
f   = 100:1:1000000;     %[Hz] 
  
%Convert to Angular Frequency 
w   = 2*pi*f;           %[rad/sec] 
  
%Transfer Function [H(jw)] - RLC Circuit (Tank Circuit) 
%H(jw) 
H   = 1./(1 + R*(j*w*C + 1./(j*w*L))); 
  
%Find Magnitude of H(jw) 
mag_H = abs(H); 
  
%Find Phase of H(jw) 
phase_H = angle(H)*180/pi; 
  
  
%Plot Magnitude 
subplot(2,1,1); 
semilogx(f,mag_H); 
grid on; 
ylabel('|H(j\omega)|'); 
title('Magnitude'); 
  
%Plot Phase 
subplot(2,1,2); 
semilogx(f,phase_H); 
grid on; 
xlabel('f (Hz)'); 
ylabel('\angleH(j\omega) (\circ)'); 
title('Phase'); 
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Appendix B – MATLAB DAQ Code  
% GM/MCT MQP-1: Non-Invasive Melt Monitoring 
% B. M. Foley, H. E. Jensen, S. D. Hallinan 
% February 21st, 2007 
% This M-file uses the Data Acquisition Toolbox to acquire data from the 
%1608FS hardware module by Measurement Computing and plot the acquired data immediately 
Create and configure the Analog Input Object 
AI = analoginput('mcc', 0); 
chans = addchannel(AI, 0:7, 1:8, 'analog channels'); 
duration = 20; 
SampleRate = 1000; 
set(AI, 'TriggerType', 'Software'); 
set(AI, 'TriggerCondition', 'Rising'); 
set(AI, 'TriggerChannel', chans(8)); 
set(AI, 'TriggerConditionValue', 2.5); 
set(AI, 'SampleRate', SampleRate); 
set(AI, 'SamplesPerTrigger', duration*SampleRate); 
Create "real-time" display plot 
figure 
subplot(2,1,1) 
set(gcf,'doublebuffer','on') %Reduce plot flicker 
P = plot(zeros(10,1)); 
T = title([sprintf('Peekdata calls: '), num2str(0)]); 
xlabel('Samples'), axis([0 10 -0.5 2]), grid on 
Start the acquisition 
start(AI); 
i = 1; 
while AI.SamplesAcquired < AI.SamplesPerTrigger 
 while AI.SamplesAcquired < 10*i 
 end 
 data = peekdata(AI,10); 
 set(P,'ydata',data(:,1)); 
 set(T,'String',[sprintf('Peekdata calls: '),num2str(i)]); 
 drawnow 
 i = i + 1; 
end 
Remove data from the buffer and Plot 
data = getdata(AI); 
subplot(2,1,2) 
plot(data(:,1)) 
axis([0 length(data) -0.5 2]); 
grid on 
save data 
 
delete(AI); 
clear AI; 
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Appendix C – Test 1 Pour Setup 1 
 

 

Grate Mold 
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Support as needed 
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8.5 in 7.0 in 
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Appendix D – Test 1 Pour Setup 2 
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Appendix E - Additional Photos from Test 1 

 
Mold after being filled with molten aluminum 
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Professor Sergey Makarov and Professor Reinhold Ludwig investigate the sand mold 

before the first pour 
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Inside details of sand mold close-up 

 

 
Inside details of sand mold – complete picture 
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Foundry workers pouring molten aluminum into the first sand mold 

 

 
View of down-sprue after aluminum has been poured 
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Appendix F - Additional Photos from Test 2 
 

 
Professor Sergey Makarov testing the temperature of the molten aluminum with his finger 

 

 
MCT foundry worker demonstrating the “stickiness” of molten aluminum 
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Foundry workers pouring molten aluminum into sand cast used for testing 

 

 
Sean Hallinan ready to press the button to synchronize the thermocouple system and the 

coil system 
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Scott’s hands trying to make the thermocouple system work correctly 
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Appendix G - Additional Photos from Test 3 

 
View of sand mold set up and ready to be poured 

 

 
View of sand mold with glass window to view the molten aluminum 
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Close-up view of glass window on the sand mold 

 

 
Close-up of coil and thermocouples embedded into the sand mold 
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Circuitry and DAQ system used for testing 
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Appendix H – Component Data Sheets 

1. LM741 
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2. TL081 
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3. CD4007 
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Appendix I – Measurement Computing 1608FS DAQ 
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Appendix J – Agilent MSO6012A Oscilloscope 

 



 109

 



 110

 



 111

 



 112

 



 113

Appendix K – MATLAB DAQ Toolbox 
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