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abstract — There are currently bullet trains that are usiragnetic levitation to travel more efficiently
for long distances than planes or regular traifisese trains work by inducing a current in thekrac
from an on-board generator in the train. This radtbf producing levitation is not very energy
efficient. A permanent magnet is used to inducaraent in the inductrack instead of the genertator
improve efficiency. This project is a continuatioha project done last year. There will be an BPG
added to control the system, thereby making itds&lone. A circuit is designed to control the nmoto
speed by using a pulse-width modulation (PWM) digeaerated by an FPGA. The user will input a
desired levitation height into the FPGA which viié converted to a velocity from a look-up table.
This is the required motor velocity to reach thatiion height set by the user.
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Background

Magnetic Levitation

Magnetic Levitation has been around since as earfi084. The purpose of this differentiation from
traditional methods was to remove efficiency loshes to friction. There are two currently used
methods to achieve magnetic levitation (herebyrreteto as “maglev”) for trains. The first is
electromagnetic suspension and the other is ebhgteomic suspension, but both of these methods
demand power to achieve maglev. The method usingdactrack is a newer method that is based on
a passive system. Using this method could ofteetter form of transportation than the current
methods. Dr. Richard Post was responsible forldeugy the inductrack method, as well as deriving
the equations used to understand the system.

Halbach Array and Inductrack Theory

A Halbach Array is a group of magnets which aréhesligned in a specific pattern to direct all of th
magnets’ magnetic fields below the array. Figudksplays the alignment as well as the direction of
the magnetic fields of the magnets.

TS =

P e
g

Figure 1 Halbach Array Magnetic Fields

The inductrack is a group of inductors designedi$ipally to interact with the Halbach Array. When
the inductrack rotates beneath the Halbach Arreychanging magnetic field induces a magnetic flux
around the inductrack, which generates a curreshtvaftage along the inductrack. As the speed®f th
system increases, the phase lag increases andsaleviwo magnetic fields generated to align. This
process can be seen in Figure 2. The dial repieeselocity, which increases in each picture shgwin
how the magnetic poles align and cause the mageettation.
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Figure 2 Magnetic Repulsion



CLMLCRIS Project

Current System

The maglev project is fully functional because Ibtfee work done by students in previous years. At
the beginning of this project, the system couldbeby just applying a voltage to the motor. As th
voltage was increased, the speed of the motoraser® thus increasing the displacement between the
Halbach Array and inductrack. A safety encloswas &lso been added to the system. Figure 3 shows
the full system, which can be found in the Powds BaBradley University.

Figure 3 Maglev System with Safety Enclosure

Controller
During the previous iteration of this project, team was able to develop a controller that takes a
user’s desired levitation height along with thereat velocity of the system to control the levibati
height. It is a discrete time controller with argding time of 0.01s and is given by

_ 0.5453 —0.5396z""
T 1-1.46321 + 0463122 (1)

C(z)

This transfer function must be written as a diffexe equation to allow implementation on the chosen
platform.

w(k) — 1.463u(k — 1) — 0.4634u(k — 2) = 0.0453e(f) — 0.536%(k — 1) (2)



Project Objective

The CLMLCRIS project is based on work done by thevpus years’ students. It will use both
experimental data and the controller developedy@at. The original goals of the CLMLCRIS
project are listed below.

Goals:
» Selection of a suitable platform for controller il@mentation which will allow a user to
enter desired levitation height

» Selection and design of appropriate power eleatsowhich will allow control of the
motor with a PWM signal

» Use of the selected platform to generate a PWMasigndrive the power electronics to
obtain a relationship between PWM duty cycle andomspeed experimentally

» Selection and installation of a motor speed sew$ach will allow feedback of motor
velocity to the controller

» Feedback of actual levitation height to the cotegrdior display
* Implementation of a classical digital control law

» Conversion of the control signal to a PWM signatitive the power electronics to
control the motor

* Astandalone system

The project was split up into two parts. Firstaaalog circuit was built to control the motor sp&ath

a PWM signal. While this circuit was being buitietcontroller was being implemented on an FPGA to
handle user inputs and to obtain proper levitalieight by using motor velocity. The full systemdko
diagram can is shown in Figure 4.
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Fig. 4 High Level Block Diagram of System



Power Electronics

Analog Circuitry
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Fig. 5 Analog Circuit to Control Motor

Figure 5 shows the analog circuit designed to hemtotor with a PWM signal.
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From equations 3 and 4 the two resistor values ¥eened for the circuit. The output voltage from the
3120 will be 2-3 volts less than the source voltagerided to the chip. This means that the output
voltage from the 3120 is 18V. The max current fritve 3120 is 2.5A, so the current that comes out of
the 3120 must be limited. This is done by addingRgis found to be about 10 ohms. To find the
value of Ri, the 1.1V voltage drop over the diosisuibtracted from the 3.3V. These voltages will be
divided by Ri to make sure that the current willlégs than 20 mA, so the FPGA will not be damaged.

The data sheet for the 3120 optocoupler that wad can be found in Appendix A. The IRF520N
MOSFET was used in the circuit to control a Pittmaostor and then changed to the FB180 MOSFET
to control the larger motor in Power Lab. The freeeling diode shown in Figure 5 is used to
dissipate the power from the motor when the MOSFRTirned off. If this diode is not there, the
power would dissipate through the MOSFET and dantage



Results from Pitman Motor
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In Figures 6-8, the yellow waveform representsitipeit PWM signal in our analog circuit. The green
waveform is the output of the 3120 and the purpeeform is the voltage across the drain of the
MOSFET. The duty cycles are inversed because dfitheit, so 80% duty cycle is actually 20%.
This is confirmed by the oscilloscope results igufes 6-8. The drain voltage is 0 whenever the
output from the 3120 is high. When the 3120 shifidlee voltage across the drain will be whatever
voltage is supplied to the motor plus 1V from tlodtage drop across the diode. When the voltage
drops again, it is measuring the back EMF voltagmfthe motor. As the velocity from the motor
increases the back EMF decreases. The circuibwiigo show that the motor velocity could be
controlled using a PWM signal. Figure 9 shows &nigih motor being spun by the power electronics
and PWM provided by the waveform generator.
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Figure 9 Power Electronics
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Fig. 10 FPGA Functional Diagram

The controller platform that was chosen for thigjgct is the Spartan 3E board. Figure 10 shows
what the FPGA will be used for. The user will inputlesired levitation height which will be
converted into desired velocity through a look-apl¢. The desired velocity will be compared to the
current velocity of the motor to find the errorhélerror is the input signal to the controller.eTh
controller output is the voltage needed to achteéeedesired levitation height. Finally, the reqdir
voltage is converted to a PWM signal that drivespbwer electronics.

Rotary Encoder

On board the Spartan 3E is a rotary encoder thadiigy used to enter the desired levitation heigiot

the system. The user enters their desired heighirbing the knob clockwise, increasing the dekire
displacement by 1mm every notch. The value beipgtito the controller is displayed on the on board
LCD screen. Code for initializing the LCD screerathe use of the rotary encoder was provided by
Dr. Lu. The code was then slightly modified toilithe desired displacement to a maximum of
5.85mm and the LCD was altered to allow the birtaryed decimal (BCD) value to be placed on
screen with a decimal after the first digit. Tloele can be found in Appendix B. Figure 11 showes th
LCD displaying the current value of the counterathivas incremented by the rotary encoder.




Pulse Counter
To read the feedback from the optical encoder, dutecto read the output pulses was needed. A pulse

counter was found on the VHDL Guru site, which wen modified to accommodate the specifics in
the maglev project. The module is able to reathemming pulse and determine the period of theguls

A simulation of the module is shown in Figure 12.
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Figure 12 ISim Simulation of Pulse Counter

Look-Up Tables
There were three look-up tables (LUTSs) createdHis project. The first was used to convert the

desired displacement value to the desired veloglye. This was done using an equation provided by

the previous group that worked on the maglev ptofeguation 5 shows displacement as a function of
electrical frequency.

S _ . 232.69
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Equation 5 was then reversed to find electricajdency as a function of displacement which is given
by Equation 6.
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Equation 6 was used to find electrical frequencychivas multiplied by a factor of 51.29 to convert
to desired velocity of the motor. Matlab was usedenerate the LUT array and the array was

formatted for use in Xilinx.

The next LUT used was for the conversion of thegoeof the incoming pulses to frequency. To find
the error between the desired velocity and cuweldcity, the current velocity needs to be in tbierf

of radians per second. Matlab was once again tasecate an array with a depth of 1001 to
accommodate all the possible inputs to the LUTe fidtiprocal of each possible period was calculated

and stored in the array.



The last LUT created was used to convert the diesiotage output from the controller into a PWM
duty cycle. Equation 7 was used to find the PWKyaycle based on the desired voltage.

DutyCycle  DesiredVoltage
00 115

(7)

All LUT code can be found in Appendix B.

Controller

The controller discussed earlier was the most cempiodule. The module itself was not coded, but
generated through the use of the Xilinx block s@ilable through Simulink. A Simulink model
provided by Dr. Anakwa contained the discrete tiraesfer function with a motor model to simulate
the full system. The model is shown in Figure 13.
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Figure 13 Discrete Time Controller and Motor Model

After verifying that every component was accurateoading to the working system, the model was
converted to a Xilinx block set. Dr. Lu assistethvihis process and afterwards the discrete time
model in Figure 13 was converted to the Xilinx eet in Figure 14.

10



&

System
Generatar
des:_displ
IDESIRED_DISP
actual velocity
desired_disp Gateway Out 2 QFWM_DUTY
Compaision of allz -
il _.@ Discrete_Cortroller desired_displ
Step ! -

Lookup Table3  IDESIRED_DISP

mm H 1R _fedsack_sumim1 discrete_controller [voltage
des_vel AddSubt voftage_eror Anguler Velacity / —|—@
Angular
[ oul Velncity Comparision of all1
OPW_DUTY

Lookup Table2
Desg_displ_to_Des_ang_vel ) IR _forvard_summ1 b ’ Black_box3 g VE‘D‘:WVE\_(D_HISEI_H\SE_EHI}
Back emf Votage
<&} =
[ =] reensack K4 Scoped

y(n)_recucsd

Reduced-lenath FPGA

Teedhack

attual velotty

Figure 14 Controller Simulink Model with Xilinx Btk Set

After the model in Figure 14 was built, the Xili®ystem Generator was used to generate the code for
the Controller Module. For verification purposbsth the transfer function and Xilinx versions loé t

controller were compared on a scope to test theutgit Both systems produced close results for an
input of 5.85mm. The scope results can be viewddgure 15.

Results from simulink, FRGAAull, FPGA-reduced
T T T T T T T

Figure 15 Outputs from Controller Models

Once the VHDL code had been generated, the modageested in simulation using a test bench and
ISim. The results from 1Sim are shown in Figure 16

11
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Figure 16 Controller Simulation in ISim

The important signals in Figure 16 are idesiredp,dfeedback, and opwm_duty. The signal
idesired_disp was used for the controller’s desuadcity input. The signal ifeedback was used for

the current velocity of the motor. The opwm_dugnal was the output voltage calculated by the
controller. When idesired_disp is set to 3.88ntm,feedback steadily increases as the motor speeds
up and the controller is producing an output of7/8Y. These numbers were very accurate according to
the experimental results produced by the previoaglev group. The code for the controller can be
found in Appendix B and the experimental results lsa found in Appendix C.

Pulse-Width Modulation

A PWM module was created to control the power etests. The PWM module was designed to
receive an input value and produce a PWM with & dutle according to the input. The flowchart for
the module is shown in Figure 17.

Start = User Input

<<

: L £o
| - i

Figure 17 PWM Module Flowchart
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The PWM signal was specified to run at a frequesfcy kHz. Every pulse of the signal would go
through the flowchart in Figure 17. The module wasated using a counter and a comparison
variable. The module would output a low signaliltthe counter passed the comparison variable, and
then output a high signal until the full period weasnplete. The module would continue this cycle
until the variable was changed, and then producedéw PWM signal. The implementation of this
module shown in Fig 18.

Fig. 18 Oscilloscope View of PWM Module Implemeiat

Conclusion

An FPGA board was selected for closed loop comtfobtary inductrack magnetic levitation system
height. The user will input a desired levitatiagidht into the FPGA. The desired levitation height
will be converted to a desired velocity. The etvetween the actual velocity and desired velosity i
used by a discrete lead compensator with integtadrato generate a PWM signal. This signal drives
the power electronics which control the motor spe&iiof the subsystems have been tested and are
working correctly. Unfortunately, the completedgtation and function of each module as a whole
was not able to be completed before the end adehgester. This is due to difficulties encountered,
mostly through the passing of signals between nmesdul
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Coffey; Howard T.

Propulsion and stabilization for magneticallyitated vehicles
U.S. Patent 5,222,436

June 29, 2003

Coffey; Howard T.
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guidance and linear synchronous motor

U.S. Patent 5,253,592

October 19, 1993

Lamb; Karl J. ; Merrill; Toby ; Gossage; Scott;I5parks;
Michael T. ;Barrett; Michael S.

U.S. Patent 6,510,799

January 28, 2003

Levi;Enrico; Zabar;Zivan
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U.S. Patent 5,270,593

November 10, 1992
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Appendix A

TIITCTTTOITOTTOT

TOR Rectifier FB180SA10
HEXFET® Power MOSFET
o Fully Isolated Package 5
o Easyto Use and Parallel Vpss = 100V
o Very Low On-Resistance
« Dynamic dv/dt Rating -
o Fully Avalanche Rated . Ros(on) = 0.00654
o Simple Drive Requirements -
e Low Drain to Case Capacitance lo=180A
o Low Internal Inductance s
Description
Fifth Generation. high current density HEXFETS are
paralied into a compact, high power module providing
the best combination of switching. ruggedized design.
very low ON resistance and cost effectiveness.
The isolated SOT-227 package is preferred for al
commercial - industrial applications at power
dissipation levels to approximately 500 watts. The low $S0T-227
thermal resistance and easy connection to the SOT-
227 package contribute to its universal acceptance
throughout the industry.
Absolute Maximum Ratings
Parameter Max. Units
D@ Tc=25°C_| Continuous Dran Current Vg @ 10V T
1o @ Tc = 100°C | _Continuous Orain Current. Vg @ 10V 120 A
o Puised Dran Curent © 70
Po@Tc=25°C_| Power Dsspaton 480 W
Uinear Derating Factor 27 Wre
Ve Voltage 20 v
€y Single Puse Avalanche Energyd 70 )
- Avalanche Currentd 180 A
Ew Repetitve Avalanche Energyd @ )
avidt Peak Diode Recovery dvict & 57 Vins
T Operating Junction and LTy T
Tem Storage Temperature Range
Vao Insulaton Wihstand Vokage (AC-RMS) 75 W
Wountng torque. W4 srew 3 Nem
Thermal R
[ | Parameter | Typ. [ max T units |
[Rac | — LX)
[Res I Fiat. Greased Surace I LL) [ — | oW

(Pb) Free
RoHS 6 fully
lant
ko
Description Features
The HCPL-3120 contains 3 GaAsP LED while the HCPL- 2.5 A maximum peak output current
13 NW31 AIGaASLED. TheLED , ;A
is optically coupled to an integrated circuit with a power MR 2t
output stage. These optocouplers are ideally suited for  *
driving power IGBTs and MOSFETs used in motor control Vou=1500V

inverter applications. The high operating voltage range  «

0.5 V maximum low level output voltage (Vou
Bliminates.

of the output stag
by gate controlled devices. The voltage and current
supplied by these optocouplers make them ideally
suited for directly driving IGBTs with ratings up to 1200 *
V/100 A. For IGBTs with higher ratings, the HCPL-3120
ies tage .
drives the IGET gate. The HCNW3120 has the highestin-
sulation voltage of Vioam=1414Vpeak in the IECEN/DIN
EN 60747-5-5. The HCPL-J312 has an insulation
of Viopm=1230Vpeak and the Viop=630Vpeak s also o
available with the HCPL-3120 (Option 060).

Functional Diagram

negative gat
ke =5 mA maximum supply current

Under Voltage Lock-Out protection (UVLO) with
hysteresis

Wide operating Vcc range: 15to 30Volts
500 ns maximum switching speeds
Industrial temperature range: -40°C to 100°C
SafetyApprovat
UL Recognized
3750 Vims for 1 min. for HCPL-3120/312
5000 Vrms for 1 min. for HONW3120
A Approval
IEUENDIN EN 60747.5-5 Approved:
Vioa = 630 Vpeak for HCPL-3120 (Option 060)
Viosu= 1230 Vpeai for HCPL-J312
Vioam= 1414 Vpeak for HONW3120

. Vx-V:m_ dﬁ"'&‘_ « IGBT/MOSFET gate drive
| o | Mna m'" (Lo, TURN.OFF) Yo « AC/Brushless DC motor drives
OFF 0-30V 0-30V Low © Industrial inverters
oN o-nv 0-95V. Low . Supphes
oN [ 11-13sv 95-12V__| TRANSTION
[ov ] 135-30v 12-30v

Data Sheet for 3120 optocoupler
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Appendix A (continued)

o PD-91339A
International IRE 526N
IoR Rectifier i

HEXFET® Power MOSFET

- Process °

Dynamic dvidt Rating -
. 7 Operating Temperature Voss = 100V

Fast Switching _
+ Fuly Avalanche Rated Ros(on) = 0.202
Description 4 Io=97A
utice advanced techniques 1o achieve
extremely low per siicon area. This
benefit, combined with the fast switching and
S e i knun o, provces e casger

N !

8 wice vty f spiosons o

The TO-220 package is universally prefemed for a

levels 1o approximately 50 watts. The low thermal
resistance and low package cost of the TO-220
contribute 1o its wide acceptance throughout the
industry.

Ab: Ratings
‘Parameter Max Units.
T@ =25 | Comnuos, Vs @ TV L4
©.@ Tc = 100°C | Contnuous Dram Curent. Vos @ 10V X A
[ ° 3
Po@Tc =25°C | Power Dsspaton _ W
[} WC
Vos 20 v
[ @ mJ
[ 5. A
Eun 4 ™
] Y 5T Vs
M Joncion and o175
Torg Temperature <
Femperature. for 10 seconds. | 0(tembomcse) |
Wourtng torgue. 622 or MG srew 70 1ofn (1.1N-m)
Thermal i
Parameter Typ. Max_ Units.
Rax JnciontoCase — X
Rece Caseto5nk Pk Greased Surace 0% — oW
[ Juncson-to-Ambent — [

Data Sheet for IRF520N
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Appendix B

All code can be shared by sending a requesivest@mail.bradley.edu
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Appendix C

All results can be shared by sending a requesivest@mail.bradley.edu
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