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Project Summary 
The objective of the Mag. Lev. Train 1 project is to design and implement levitation, 
guidance, and propulsion for a small scale train.  The project may be a multiyear project, 
because the entire system must be created.  The method currently being pursued is a 
passive levitation and guidance system that is controlled by the propulsion of the train.  
The propulsion method currently being pursued is an active repulsion via same-pole 
magnets. Using these methods, the project can be broken into independent subsystems of 
levitation/guidance, position sensing, propulsion, controller, and design of the physical 
components.  Each portion can be independently designed and tested, except the controls.  
The controller can be implemented after all other subsystems are created.   
 
 
Detailed Description 
The complete magnetic levitating train will be composed of the levitation/guidance, 
position sensing, propulsion, controller, design and construction of the physical 
components, and testing. 
 
Levitation/Guidance 
The levitation and guidance of the small scale train can be implemented by either active 
or passive methods.  Active levitation can require high powered electromagnets, super 
cooling systems, or complex controllers.  Passive levitation requires a method of 
propulsion to induce levitation forces.  The passive method is self-stabilizing, which 
means it does not require a control system for stable levitation.  The passive levitation 
method is being pursued for the project. 
 
The basis of the Inductrack method is placing strong permanent magnets in a special 
arrangement called a Halbach array.  This array creates a strong magnetic field on one 
side of the arrangement while nearly canceling the magnetic field on the other side.  The 
array is passed over an inductive track.  The magnets induce a current in the track which 
also creates a repulsive magnetic field.  The faster the magnets move, the greater the 
current and repulsion force.  As the magnets levitate farther from the track, less current is 
induced, stabilizing the levitation.  The passive levitation method is placed into 
subcategories of the Halbach array, and the Inductrack.   
 
Halbach Array 
The Halbach array is a special formation of magnets used to direct each individual 
magnet’s field to create a strong quasi-uni-pole magnetic field.  The formation was 
invented by Klaus Halbach for the use of particle acceleration [2].  The standard 
formation using 90 degree angles is shown in figure 1. 
 



 
Figure 1 – Standard Halbach Array Formation 

 
A longer wavelength configuration can be created using the same principles by placing 
the magnetic fields of the permanent magnets at different angles to create a more directed 
field [12].  This longer wavelength configuration is shown in figure 2. 

 

 
Figure 2 – Longer Wavelength Halbach Array Formation 

 
Another method to create a longer wavelength is to double each section of the Halbach 
array.  This method still directs the magnets fields, but creates a skewed sinusoidal 
magnetic field.  This method can be implemented by using standard pole alignment cube 
magnets.  The double method is shown in figure 3. 
 

 
Figure 3 – Longer Wavelength via Double Method Halbach Array 

 
The magnetic field produced by all formations is very strong underneath the array, but 
nearly cancelled above the array.  The strong magnetic field underneath the array is 
sinusoidal.   
 



The following equations for the Halbach array are from [11].  The wavelength of the 
magnetic field, λ m, is based on the size of magnets used, and the number of magnets 
used to create one array prior to repetition.  If the Halbach array was moving at a velocity 
v [m/sec.], it would create a magnetic field frequency of ω radians/sec below the array 
given by equation (1). 
 

ω = 2πv/λ radians/sec (1) 
 
The permanent magnetic field will have a remanent magnetic field of Br Tesla.  The 
thickness of the magnets is represented by d m.  M is equal to the number of permanent 
magnets used per wavelength, λ.  The equation for the highest strength of the magnetic 
field at the surface of the lower side of the Halbach array is given by equation (2). 
 

B0 = Br (1 – e-2πd/λ)[(sin(π/M))/( π/M)] Tesla  (2) 
 
Using x as the horizontal component and y as the vertical component of the magnetic 
field, the equations for the magnetic fields of a planar Halbach array are given by 
equations (3) and (4). 
 

Bx = B0 sin((2π/λ)x) e-(2π/λ) (y1 – y) Tesla (3) 
By = B0 cos((2π/λ)x) e-(2π/λ) (y1 – y) Tesla (4) 

 
It is noted that y1is a reference distance in meters from the bottom of the magnets and the 
center of the top inductors of the track.  This will be explained in more detail in the 
Inductrack portion.  These equations are used with Inductrack equations to determine 
levitation and drag properties. 
 
For experimentation reasons, 40 half inch cubes, and 40 quarter inch cubes of grade 38 
Neodymium-Iron-Boron (NdFeB) have been obtained to be placed in Halbach array 
formations.  The NdFeB grade 38 magnets have a Br = 1.210 - 1.250 Tesla.  The NdFeB 
magnets being used are shown in figure 4. 
 

 
Figure 4 – NdFeB Cube Magnets 

 
Placing the ½” cubes in standard formation with 1/16” aluminum between then, λ = 
0.0527625 m.  Using equation 2, B0 = 0.82843 Tesla. 
 
Inductrack 
Richard F. Post, Physicist at Lawrence Livermore National Laboratory, was the creator 
and team leader of the first Inductrack developed under the U.S. Department of Energy 



that was demonstrated in 1998.  The Inductrack method was created, tested, and proven 
to work on a small scale level with a 20 meter track.  The track only had a burst 
propulsion system for the first meter of the track.  The track is shown in figure 5, [8]. 

 

 
Figure 5 – First Inductrack 

 
Post was then contracted by the National Aeronautics and Space Administration (NASA) 
to create a test track for launching rockets.  He is currently a part of the Low-Speed 
Urban Maglev Program under the U.S. Department of Transportation, Federal Transit 
Administration along with General Atomics (GA), Hall Industries, and many other 
companies.  The Urban Maglev Project is to create a full scale low speed Maglev train 
utilizing permanent magnets.  The project is still in the development stage.  A test cart 
has been made, and is shown in figure 6, [12]. 

 

 
Figure 6 – Low-Speed Urban Maglev Program Test Vehicle 

 
Private conversation with Post has been a resource in the preparation of repeating what 
has been done at Lawrence Livermore National Laboratory.   
 
The inductive track can be made by different methods.  The three main methods being 
investigated are an array of inductors, laminated copper, or laminated aluminum. 
 
Array of Inductors 



An Array of Inductors method was utilized to create the first Inductrack at Lawrence 
Livermore National Laboratory.  The track is shown previously in figure 5.  An 
illustration of the Array of Inductors method is illustrated in figure 7. 
 

 
Figure 7 – Array of Inductors Inductrack Method 

 
The first track used at the Livermore National Laboratory utilized 53 turns of 0.080” 
diameter Litz-wire to create ½” deep coils.  The coils were 6” wide, and 3” tall.  A wood 
block was used to give the coils strength.  Ferrite tiles were used above and below the 
bottom portion of the coils to load the inductive coils yielding a higher inductance.  Later, 
ferrite beads were used on the lower portions of the inductors instead of ferrite tiles.  The 
schematic drawing of the Inductrack model track is shown in figure 8, [8].   
 

 
Figure 8 – Schematic Drawing of Inductrack Model Track 

 
The Array of Inductors method is hard to manufacture, and expensive to produce.  For 
this reason, the Array of Inductors method is not being pursued. 
 
Laminated Copper 
The Laminated Copper method is currently being used for the Low-Speed Urban Maglev 
Program, because of its low cost and ease of being produced and manufactured [5].  A 
laminated copper track can be created by two methods.  One method is to cut slots into 
sheets of copper terminating the slots at the ends.  This termination allows shorting of the 



circuits.  The slots are cut to guide the eddy currents that are created [7].  This method is 
explained further in the laminated aluminum section.   
 
The other option of the Laminated Copper method is the use of bulks of insulated wire 
placed in rungs.  The laminated copper rungs can be seen in figure 6 on the lower portion 
of each side of the track.  The Laminated Copper method is manufactured by using Litz-
wire that has been transposed, all wires reach the surface of the bulk of wires, and pressed 
via rolling and specialized tapping into 2” square stainless steel tubes [6].  A smaller 
version of the square bulks is shown in figure 9. 
 

 
Figure 9 – Square Bulk of Copper Litz-wire 

 
Stainless steel tubes provide structural support for levitating the train.  The ends of the 
tubes, where the wires end, are soldered to copper strips to short the wires together.  This 
creates the equivalent of laminated sheets of copper with grooves placed to guide the 
eddy currents.  An illustration of the rungs is shown in figure 10. 
 

 
Figure 10 – Rungs of Laminated Copper Method 

 
Stainless steel tube exoskeletons are not needed if a different method is used for rails.  A 
single rail, monorail, can be used with the levitation supported below the wire by bending 
it around the supporting structure.  An illustration of this method is shown in figure 11. 
 



 
Figure 11 – Laminated Copper Inductrack Method 

 
This method of the Inductrack is currently being pursued.  Samples of square Litz-wire 
have been obtained, and will be ordered for the creation of a test track. 
 
Laminated Aluminum 
The Laminated Aluminum method is created by laminating thin sheets of aluminum 
together.  The aluminum must be bent to create lateral guidance.  Aluminum sheets create 
large drag forces compared to the levitation forces at low velocities.  The aluminum 
sheets can be chemically etched, or cut to create slots to guide the eddy currents.  The 
specifications given by Richard F. Post for using chemically etched aluminum sheets as 
simulated by Lawrence Livermore National Laboratory are ten 0.5 mm thick aluminum 
sheets.  The chemically etched slots would be 0.5 mm wide terminating 25 mm from the 
edge of the track.  The lands between the slots would be 4 to 5 mm wide [7].  An 
illustration of the aluminum track being used for project is shown in figure 12. 
 

 
Figure 12 – Laminated Aluminum Inductrack Method 

 
Laminated aluminum sheets may be explored if the laminated copper does not work, or 
there is adequate time. 
 
Inductrack Physics 
The physics of the Inductrack work with the properties of a Halbach array is now 
discussed.  All equations in the following section have been developed by the Inductrack 
team at the Lawrence Livermore National Laboratory [11].  As the train moves at a 



velocity, v m/sec., over the track, the Halbach array is moving at that velocity as well.  
The track is seen by the Halbach arrays as a large inductor.  The system is modeled by a 
circuit equation given in equation (5). 
 

V = L dI/dT + RI = ωφ0 cos(ωt) V  (5) 
 
In this equation, V Volts is the induced voltage across the track, I[Amps is the induced 
current in the track, L [Henries] is the inductance of the track (the addition of the self 
inductance and mutual inductance from the adjacent circuits), R Ohms is the resistance 
across the track, and φ0 Tesla-m2 is the peak flux linked by the circuit owing to the 
passage of the Halbach array above the circuit. [11]  The frequency ω radians/sec. was 
previously defined by the Halbach properties. 
 
The natural oscillation of the system due to the inductance is found to be based on the 
Halbach array’s wavelength.  The equation for the oscillation frequency is given by 
equation (6). 
 

Ω0 = sqr.(2ωg)  (6) 
 
This was found to mainly take effect at a low velocity, near the break point velocity for 
levitation.  The wheels on the train do not allow the oscillation to occur at this velocity.  
As the velocity increases, the oscillation decreases, thus damping is currently not used to 
stop the oscillation [11].  The Low-Speed Urban Maglev Program is looking into 
oscillation damping for passenger comfort.  The steady state of the system can also be 
examined.  The steady-state current of the track is given by equation (7). 
 

I(t) = (φ0/L)[1/(1 + (R/ωL)2)]{sin(ωt) + (R/ωL)cos(ωt)} A  (7) 
 
By taking the limit of the ω >> R/L which is valid for velocities above the levitation 
breakpoint velocity, the phase of the induced current is lagged to be ~ 90° from the phase 
of the induced voltage.  This shift in phase creates maximum lift to drag ratio of the train.  
This limit creates a stable levitation force as well as a drag force that is inversely 
proportional to the velocity of the train as velocity increases, drag decreases. 
 
The calculation of the levitation and drag forces depends on the inductive part of the 
track.  The transverse or horizontal width of the sections of the track is represented by w 
m.  The depth of the conductive material is represented by h [m].  The thickness of the 
inductor bundles is dc m.  It is noted that dc must by much less than the wavelength of the 
Halbach array dc <<λ/2π. 
 
After some manipulation the lift to drag ratio can be found by dividing the average 
levitation force by the average horizontal drag force of the train moving over the track.  
This yield equation (8), (9), and (10). 
 

<Fy> = [(B0
2w2)/(2(2π/λ)L)][1/(1+(R/ωL)2)]e-2(2π/λ)y1 N/Circuit (8) 

 



<Fx> = [(B0
2w2)/(2(2π/λ)L)][(R/ωL)/(1+(R/ωL)2)]e-2(2π/λ)y1 N/Circuit (9) 

 
Lift/Drag = <Fy>/<Fx> = ωL/R = (2πv/λ) (L/R) (10) 

 
This ratio improves with the increase in velocity.  An equation for the power efficiency of 
the circuit K Newtons/Watt is give by equation (11). 
 

K = <Fy>/<Fx> = (2π/λ) (L/R) Newtons/Watt  (11) 
 
Using this equation, it can be seen that inductive loading can be used to increase the 
efficiency of the track, but the levitation force will decrease.  A more efficient system 
decreases the breakpoint levitation velocity needed for levitation. 
 
The levitation force per unit area can be obtained by using the average levitation force 
equation, and dividing it by area as given by equation (12). 
 

Σ<Fy>/A = [(B0
2w2)/(2(2π/λ)Ldc)] e-2(2π/λ)y1 N/m2  (12) 

 
The constant µ0 equal to 4 π x 10-7 Henrys/meter is used for the permeability of free 
space.  Pc is the perimeter of the inductive circuit of the track in meters.  The inductance 
of the track is composed of the self-inductance of each section and the included mutual 
inductance of the neighboring sections of the track.  This new inductance is referred to as 
the distributed inductance is given by equation (13). 
 

Ld = µ0 Pc/(2(2π/λ)dc) H (13) 
 

The distributed inductance can be used to simplify the levitation force per unit area as 
given by equation (14). 
 

Σ<Fy>/A = [(B0
2/µ0)(w/Pc)] e-2(2π/λ)y1 N/m2  (14) 

 
Equation (15) has been formed to yield the optimum wavelength of the Halbach array for 
a given levitation height. 
 

λ optimum = 4π y1 m  (15) 
 
The optimum equation (15) is achieved when the magnets have a thickness of λ/5 to 
levitate the maximum amount of weight for the minimum magnet weight.  This allows 
for slight manipulation of the standard Halbach formation to achieve the optimum 
wavelength and magnet size for a desired levitation height and weight shown in figure 
13. 
 



 
Figure 13 – Optimum Halbach Array Formation 

 
  A greater levitation height can be achieved by increasing the wavelength without 
increasing the magnet size if levitated weight is not at the maximum.  It is noted that at 
high velocities the Inductrack method can levitate fifty times the weight of the permanent 
magnets used for levitation if optimized. 
 
It is noted that these equations have been developed for the original Inductrack, and are 
not perfectly accurate for different Inductrack methods.  Laminated copper via grooved 
sheets has yielded a greater levitation height than via Litz-wire. 
 
These experimentally tested equations are used for the design of the Inductrack for this 
project. 
 
Inductrack II 
Richard Post has created another system for the Inductrack which utilizes a double 
Halbach array called the Inductrack II.  The double Halbach array creates nearly twice 
the magnetic field of a single-sided Inductrack.  Due to the increased magnetic force, half 
the current is needed to create the force needed for levitation.  The lift to drag ratio was 
also increased [12].  An illustration of the double Halbach array is shown in figure 14. 
 

 
Figure 14 – Double Halbach Array System of Inductrack II 

 
The figure shows two sets of Halbach arrays, one on the top and one on the bottom, with 
the track between them.  Both Halbach arrays have the same wavelength, but the upper 
array has a greater strength to provide a greater force upwards.   
 
 



Position Sensing 
A cost effective sensor method has to be created in order to propel the train in a 
controlled format to determine its velocity.  The different options that can be used are to 
place a velocity sensing device on the train, optically sense the position of the train, or 
magnetically sense the train. 
 
Velocity Sensor 
A velocity sensor is necessary if the controls are contained in the train.  A velocity 
sensing method can be complex and expensive.  The velocity sensing method is not 
practical for this project, because the controller of the system will be based off the track, 
not the train. 
 
Optical Sensors 
Optical sensors can be used to detect when the train is at a certain location on the track.  
Numerous optical sensors would be required to obtain a high resolution for position 
sensing.  Also, optical sensors tend to be slow.  For the reasons stated, optical sensors 
will not be used. 
 
Magnetic Sensors 
A magnetic sensor can be used to detect when the train is present due to its strong 
magnetic field.  A magnetic sensor has been designed for this project using a small 
conducting, magnetic ball in a tube integrated in the track to detect when the train is 
present.  When the train is not present, it will rest creating a current path to ground the 
sensor.  When the train is present, the magnetic field will lift the ball to create an open 
circuit, which allows a pin of a standard TTL chip to float high.  This method is 
illustrated in figure 15. 
 

 
Figure 15 – Magnetic Sensor 

 
The magnetic sensing method can be created with little cost, thus allow for a high 
resolution of position sensing.  The resolution of the position sensors will be determined 
by the propulsion method, and control method.  The magnetic sensing method has not 
been built or tested to determine timing characteristics. 
 
 



Propulsion 
Propulsion can be implemented by the use of two main methods, a linear synchronous 
motor (LSM), and a linear induction motor (LIM).  
 
Linear Synchronous Motor 
The Low-Speed Urban Maglev Program is using the LSM method for propulsion and 
transverse guidance.  This option was chosen due to the large air gap of 25 mm.  An LSM 
is also cheaper for situations where more train cars are on the track.  The use of an LSM 
creates a guidance force, and increases the passive levitation force.  Three-phase 
windings of solid copper cables along laminated iron rails are placed along the track [12].  
The three-phase windings being used are shown in figure 16. 
 

 
Figure 16 – Three Phase LSM Propulsion 

 
LSM propulsion controls the velocity of the train by varying frequencies.  If improper 
control is used, the train will vibrate above the LSM due to “slip.”  The LSM method 
may be used for the Magnetic Levitation Technology 1, Sr. Project. 
 
Linear Induction Motor 
An LIM can be used to levitate a system.  LIM’s have conventionally been used by 
placing electromagnets inside the train portion of the system.  The track is typically made 
of an aluminum ladder.  When the train passes over a wrung of the ladder, an 
electromagnet turns on, inducing a repulsive force in the track.  This can both levitate, 
and propel the train.  The same concept can be used by placing the electromagnets in the 
track.  An illustration of this is shown in figure 17. 
 



 
Figure 17 – Standard LIM Based in Track 

 
A modified form of the LIM can be used to “tap” the train to propel it.  This method 
would use the strong magnetic field present due to the levitation Halbach arrays.  
Electromagnets are evenly spaced along the track.  A DC current is placed through the 
electromagnet when the back of the train is directly above it.  The electromagnet is 
oriented so it will repel the Halbach array when turned on.  When the back of the train 
passes over the next electromagnet the previous electromagnet turns off, and the next 
electro magnet turns on.  The acceleration, and velocity can be controlled by the level of 
current, or duty cycle allowed into each electromagnet.  An illustration of the modified 
LIM is shown in figure 18. 
 

 
Figure 18 – Propulsion via Modified LIM 

 
Both the LSM and the LIM propulsion method will require high power circuitry. 



 
Controllers 
The controllers for the system will be digitally created via an 80515 microcontroller.  The 
possible aspects of the system to control are the levitation height, direction, and velocity.  
A theory has been developed by the Low-Speed Urban Maglev Program for levitation 
control.  This will be discussed, but not implemented for the project.  The direction and 
velocity controls will be implemented if time allows. 
 
Levitation Controllers 
The levitation of the train can be implemented by shifting one of the Halbach arrays 
forward to create a lesser levitation force.  This concept has not been incorporated into a 
system yet, because it may weaken the stiffness of the levitation portion of the train [12].  
If the levitation control would be implemented, a very strong mechanical system would 
have to be used in order to move and hold the array.  An illustration of the levitation 
control via array shifting is shown in figure 19. 
 

 
Figure 19 – Levitation Control via Array Shifting 

 
Direction & Velocity Controller 
The current method of propulsion to be used is a modified LIM.  The track will consist of 
sensors and electromagnets spaced one inch on center.  An illustration of the sensing and 
propulsion method to be controlled is shown in figure 20. 
 



 
Figure 20 – Sensing/Propulsion Method to be Controlled 

 
In this figure, the train is moving to the left as each sensor detects the present of the 
magnetic field, the corresponding electromagnet turns on to propel the train. 
The high level system block diagram of the system is shown in figure 21. 
 

 
Figure 21 – High Level System Block Diagram 

 
The user inputs the mode of operation, desired velocity or current (depending on the 
mode of operation) by using the keypad.  The modes of operation are listed as follow: 
 

0.) Open Loop Backwards Current Input 
1.) Closed Loop Backwards Velocity Input with Control 
2.) Backwards Coast with No Propulsion 
3.) Stop 
4.) Forwards Coast with No Propulsion 
5.) Closed Loop Forwards Velocity Input with Control 
6.) Open Loop Forwards Current Input 
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The control system will utilize a free running position detector, open loop mode, closed 
loop mode, coast, and a stop mode.  The LCD screen will display the train’s velocity, 
mode of operation, if the train is lost, and the desired current level or velocity. 
 
Position Detector 
A free running position detector will be implemented to determine where the train is, the 
velocity of the train, and which electromagnet should be given current for the 
corresponding mode.  This is shown in figure 22. 

 

 
Figure 22 – Free Running Position Detector 

 
The direction is placed into the free running position detector.  The direction is based on 
the mode of operation the system is in.  The position detector determines where the train 
is.  If the train position is not known, each sensor is checked until the train is found.  If 
the train position is known, the next sensor that the train will trigger is addressed to be 
polled.  An electromagnet corresponding to the last known position of the train is 
addressed to receive current and propel the train.  The amount of current being sent to the 
electromagnets is not determined by the position detector system, but a current converter.  
If the sensor being polled does not detect the train after a set number of samples, the train 
is considered lost, and the search mode will be instated.  After a set number of samples, 
the velocity will be calculated by the position controller by determining how many 
sensors have been triggered in a given time period.  The velocity found is displayed, and 
used for the closed loop mode. 
 
Open Loop Modes 0 & 6 
Open loop modes 0 and 6 are used to determine the responses of using different current 
levels.  A current level is inputted by the user.  The controller utilizes the position 
detector to propel the train using the set current level.  The open loop current input mode 
block diagram is shown in figure 23. 
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Figure 23 – Open Loop Current Input Mode 

 
Closed Loop Modes 1 & 5 
Closed loop modes 1 and 5 allows the user to input a desired velocity into the system, and 
the train should increase or decrease its velocity to reach, and stay at the desired velocity.  
Due to the use of a digital controller, the closed loop controller will not modify the 
current used to propel the train if the train’s velocity is within a given resolution of the 
desired velocity.  The closed loop velocity input mode block diagram is shown in figure 
24. 
 

 
Figure 24 – Closed Loop Velocity Input Mode 

 
The desired velocity input is compared to the train’s velocity at a set interval of time.  
The current adjuster takes the error signal and adjusts the current level.  The current 
converter converts the current level to a corresponding current.  The position detector 
places the current in the appropriate electromagnets to propel the train.  A velocity is 
calculated, and fed back for comparison when the next interval of time has been reached. 
 
The control variables that will determine how the controller will react are the current 
adjuster resolution and the compare rate of velocities.  A table may be created to vary the 
current levels a greater amount per time if the velocity error is above or below certain 
levels. 
 
Coast Modes 2 & 4 
Coast modes 2 and 4 are used to allow the train to coast without being propelled.  The 
direction is given to help predict which sensor should be polled next for the velocity 
calculation.  The free running position detector is used to determine the velocity.  When 
not propelling the train, the current level is set to 0, supplying no current to the addressed 
electromagnets. 
 
Stop Mode 3 
Stop mode 3 is the braking system for the train.  Braking will occur by addressing the 
repulsive electromagnet in front of the train, instead of behind.  A different addressing 
mode for the electromagnets and the sensors will have to be created.  The details of this 
part of the system have not been worked out. 
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High Power Switching Circuitry 
High power switching circuitry is need for the current control, and the electromagnetic 
addressing.  The high power switching must either allow all the current available to pass 
through it, or block the current.  High power DC will be used to power the 
electromagnets.  Three ways to do high power DC switching are to use high power metal 
oxide semiconductors MOSFET’s, insulated-gate bipolar transistors IGBT’s, and gate-
turn-off thyristors GTO’s.  The information in the power circuitry section is provided by 
[14]. 
 
Power MOSFET’s utilize a gate voltage to allow current to pass, or not pass through.  
They are capable of working at high frequencies (~10’s of kHz.).  The voltage maximums 
are on the range of 1000 V, and current maximums on the range of 50 A.  The power 
MOSFET gate is shown in figure 25. 
 

 
Figure 25 – Power MOSFET Gate 

 
IGBT’s utilize the high switching speeds of a bipolar junction transistor BJT, the low 
switching losses of a MOSFET, and is controlled via a gate voltage like a MOSFET.  
IGBT’s can be rated up to 1200 V, and 400 A.  They can have switching speeds up to 20 
kHz..  The IGBT gate and equivalent circuit is shown in figure 26. 
 

 
Figure 26 – IGBT Gate and Equivalent Circuit 

 
GTO’s are switches controlled by placing a positive pulse on the gate to turn the GTO on, 
and a negative pulse is placed on the gate to turn the GTO off.  GTO’s are very close to 
silicon controlled rectifiers SRC’s, but GTO’s can be turned off with out using additional 
turn off circuitry.  GTO’s are used for high power applications.  The GTO gate is shown 
in figure 27. 
 
 



 
Figure 27 – GTO Gate 

 
Current Converter 
The current converter takes a current level 0 – 256 (0-FF hex), and allows a 
corresponding amount of current to go to the addressed electromagnet.  The present 
theory for controlling the amount of is by pulse width modulation PWM, and by 
addressing different paths which have different resistances in series with the 
electromagnets.  A combination of the two methods should be able to create enough 
current variations to correspond with the current levels.  The current control method is 
shown in figure 28. 
 

 
Figure 28 – Current Control Method 

 
Magnet Addresser 
The magnet addresser uses a combination of switches to turn on a single electromagnet.  
Each section of eight electromagnets along the track will have a separate switch.  Each of 
the eight electromagnet positions will have a switch corresponding to it.  When the 
EMAC desires an electromagnet to be energized, the EMAC addresses the correct 
electromagnet.  The switch controlling the section is turned on, and the switch to its 
position among the section is turned on.  This allows for minimum switching circuits to 
be created.  The switching array is shown in figure 29. 
 



 
Figure 29 – Electromagnetic Addressing 

 
Physical Components Design 
The physical components of the system to be designed are the train and track.  The main 
building materials selected are wood and aluminum, because they are not magnetic, or 
attracted by magnets.  The design of the train and track vary as research progressed.  The 
current design of the track and train is shown in figure 30. 
 

 
Figure 30 – Physical Train and Track Design 

 
 



Train 
The train illustrated above utilizes five Halbach arrays for levitation, one Halbach array 
on each side for lateral or transverse stability, and two small Halbach arrays for added 
current, and vertical stability.  Wheels are added to the cart to allow for low speed 
movement.  This train has been created by using 1/16” thick aluminum grids to hold the 
Halbach arrays in place.  It is noted that the small Halbach arrays were inset, and not held 
using aluminum grids.  The train that has been created is shown in figure 31. 
 

 
Figure 31 – Prototype Trian 

 
A lot of force is required to place the NdFeB magnets into the Halbach array formations.  
The Halbach arrays contain a lot of potential energy in this formation.  The 1/16” 
aluminum pieces holding the magnets in the grid are bent due to the strong forces. 
 
Track 
The track has not been built.  Bulks of Litz-wire are currently being pursued as the 
inductor portion of the first test track.  Laminated aluminum and copper may be tested for 
comparison.  Figure 32 illustrates the top and bottom views of the test track.  

 



 
Figure 32 – Illustration of Test Track 

 
The test track has an upper and lower portion. 
 
The lower portion of the test track allows for the storage of electromagnets and circuits.  
The lower portion also has slots to guide the wheels of the train. 
 
The upper portion of the test track has holes for the sensors, electromagnets, and ties to 
hold the Litz-wire down.  The ties are necessary to keep the bulks of wire uniform, and 
tightly held against the track. 
 
Testing 
Inductrack properties of levitation force, levitation height, and drag force can be tested 
without creating a large test track.  A vertical or horizontal track of a tight radius can be 
created to test these properties.  The train is tethered to a fixed position while the track 
moves below it.  This concept has been used for the testing of the Inductrack shown in 
figure 33. 
 

 
Figure 33 – Low-Speed Urban Maglev Program’s Test Wheel 

 
The cart that has been created can be used to test the properties of the Inductrack using 
this method. 
 
Small test tracks of various materials may be created to observe characteristics of each. 
 



Theories 
Some possible theories have been created, but not thought through all the way.  The disk, 
wheel, tractor tread, or paddle boat theories may be implemented.  These theories may 
not work. 
 
Disk Method 
The disk method utilizes Halbach array disks with the direction of Halbach array pointed 
at the side of the disk.  The disks would be slanted to provide lateral support.  Half of the 
disk would not run across the Inductrack, because it would be going the wrong direction.  
Every other disk would be slanted an opposite direction, thus turning in opposite 
directions.  If these disks were powered by motors, they would possibly create stable 
levitation without a forward velocity.  These disks would also provide low-speed 
propulsion due to the high drag forces at low-speeds.  This method is shown in figure 34.   
 

 
Figure 34 – Slanted Disk Levitation and Low-Speed Propulsion 

 
Wheel Mehod 
The wheel method utilizes a circular Halbach array formation with the magnetic field 
pointed away from the circle.  Standard Halbach arrays would be used to create the 
standard levitation.  The Halbach array wheel would spin in the forward direction and 
utilize the high drag forces as friction to propel the train at low speeds.  At high speeds, it 
would utilize the induced magnetic field as friction to push from.  This method would cut 
down on the levitation height.  The Halbach wheel method is shown in figure 35. 
 

 
Figure 35 – Halbach Wheel Method 



 
Tractor Tread Method 
The tractor tread method uses the same concept of the wheel, but uses a tractor treat 
type formation with the magnetic field pointed outward.  This would be harder to spin 
fast, but would create a greater propulsion force.  The tractor tread method is shown 
in figure 36. 
 

 
Figure 36 – Tractor Tread Method 

 
Paddle Boat Method 
The paddle boat method is to use a paddle boat concept to propel the train.  The train 
would power the “paddles” to spin in the forward direction.  The “paddles” would 
induce magnetic fields to push off from.  The paddle boat method is shown in figure 
37. 
 
 

 
Figure 37 – Paddle Boat Method 

 
 
Standards 
A set of standards have been developed for the Low-Speed Urban Maglev Program.  
They are shown in table 1. 
 
 



Max. Speed 160 km/hr Max Jerk 2.5 m/s3 
Throughput 12000/hr/direction Inside Noise Level < 67 dB 
Max Acceleration 1.6 m/s2 DC Mag. Field in Car < 5 Gauss 
Min Curve Radius 18.3 m (60 ft.) Availability > 99.99% 
Max Grade 10% Ride Quality ISO 2631 (1987) 
Table 1 – Standards/Requirements of Low-Speed Urban Maglev Program 
 
These standards do not apply with a small scale train, but can be used to compare 
concepts.  The concepts can be used as a reference of what a full scale train are being 
compared to. 
 
 
Patents 
Richard F. Post founded the Inductrack method, thus holds the patents on the levitation 
system.  Two patents have been found to be issued. 
 
Richard F. Post has been issued a patent for the Inductrack:  
 
Richard F. Post 
Magnetic Levitation System for Moving Objects 
U.S. Patent 5,722,326   
March 3, 1998   
 
Richard F. Post 
Inductrack Magnet Configuration 
U.S. Patent 6,633,217 B2 
October 14, 2003 
 
Richard F. Post 
Inductrack Configuration 
U.S. Patent 629,503 B2 
October 7, 2003 
 
The laminated track design is currently patent pending: 
 
Richard F. Post 
Laminated Track Design for Inductrack Maglev System 
U.S. Patent Pending US 2003/0112105 A1 
June 19, 2003 
 
The following are patents on various forms of LIMs and LSMs: 
 
Coffey; Howard T. 
Propulsion and stabilization for magnetically levitated vehicles 
U.S. Patent 5,222,436 
June 29, 2003 



 
Coffey; Howard T.    
Magnetic Levitation configuration incorperating levitation, guidance and linear 
synchronous motor    
U.S. Patent 5,253,592    
October 19, 1993 
 
Levi;Enrico; Zabar;Zivan;      
Air cored, linear induction motor for magnetically levitated systems    
U.S. Patent 5,270,593    
November 10, 1992 
 
The patents cover the basic methods of the Inductrack method.  The Magnetic Levitation 
Technology 1 project will be utilizing these technologies to create a small scale system 
that might use a new concept that has not been used.  Control methods for different 
properties of the system can be created as well.   
 
 
Schedule 
A tentative schedule has been created to be used as an outline for the development and 
implementation of the Magnetic Levitation Technology 1 project.  The schedule is as 
follows: 
 
Weeks 1 – 4  Development and testing of tracks 
Weeks 5 – 8  Development of a propulsion method 
Weeks 9 – 10  Integration of the propulsion and the Inductrack 
Weeks 11 – 13  Propulsion Controls 
Week 14  Finish Loose Ends 
 
This schedule will most likely not be followed due to the nature of the project.  Each 
month, a meeting with the advisor will determine where the direction of the project 
should go. 
 
It is possible that if certain portions of the schedule get held up, other portions of the 
project will be implemented and developed at once.   
 
 
Equipment List 
The list of parts and equipment needed of the project is not known at this point.  Possible 
parts and equipment that may be used is listed. 
 
Products 
Some products have already been purchased, and some products are unknown.  The 
products left to be researched are electromagnets, conductive balls, and wheels. 
The products for which some information has been found about are listed: 
 



Vendor – Gaussboys, www.gaussboys.com 
The NdFeB magnets are nickel plated, and grade N38. 
 
40 – Block #05 - 12mm Cube Magnets  $0.36/each  $14.40 total 
40 – Block #12 - 6mm Cube Magnets   $2.25/each  $90.00 total 
 
Vendor – Litz-wire, www.litz-wire.com 
Bulks of square Litz-wire 
 
Vendor – McMaster-Carr, www.mcmaster.com 
Alloy 110 copper sheets are corrosion resistant, very ductile, and conductive.  They are 
used for general purposes and electrical purposes.  The copper may be used for track 
material. 
 
# - Part # - 8963K32 - 12” x 12”, 0.021”  $7.14/each 
# - Part # - 8963K52 - 12” x 48”, 0.021”  $12.50/each 
# - Part # - 8963K232 - 12” x 48”, 0.021”  $25.00/each 
# - Part # - 8963K72 - 36” x 48”, 0.021”  $54.55/each 
# - Part # - 8963K12 - 36” x 96”, 0.021”  $100.00/each 
 
Alloy 1100 Aluminum is “commercially pure.”  It has the highest thermal can electric 
conductivity.  The aluminum sheets may also be used for track material. 
 
# - Part# - 88685K11 – 12” x 12”, 0.032”  $3.28/each 
# - Part# - 88685K14 – 12” x 24”, 0.032”  $5.73/each 
# - Part# - 88685K17 – 24” x 24”, 0.032”  $11.45/each 
# - Part# - 88685K21 – 24” x 36”, 0.032”  $17.19/each 
# - Part# - 88685K24 – 36” x 48”, 0.032”  $30.54/each 
# - Part# - 88685K27 – 36” x 96”, 0.032”  $48.91/each 
 
Vendor – Midwestern Wood Products Co., www.woodgrid.com 
Midwestern Wood Products Co. of Morton, IL, has donated the wood and computer 
numerical coded router (CNC router) time to create the train and track.  
 
Bradley University 
An 80515 microcontoller will be used for the controls of the system. 
 
Testing Equipment 
The testing equipment needed will be standard lab equipment at Bradley University. 
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