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ABSTRACT: Magnetic levitation has been includedhe content of the graduate course “Electromeclaanic
Energy Conversion” at the University of Technolagyd Life Sciences, Bydgoszcz, Poland, since 19%8. T
article presents small-scale laboratory prototypéselectromagnetic (EML) and electrodynamic (EDL)
levitation systems, which are used for teachingppses. Introduction of magnetic levitation to the
“Electromechanical Energy Conversion”graduate oewtracts more students and make this difficultre®
more interesting to them.

gap of an ac. electrical machine, (3) Finite eletmen

method analysis of simple electromechanical deyices

1 INTRODUCTION (4) Linear induction motor, (5) Linear synchronous
) ) _ ~motor, (6) EML and EDL systems (demonstration).

The author would like to share his experience ina|| |aboratory test benches have been built in the

teaching magnetic levitation in the Department Ofgjectrical Engineering Department  (Electrical
Electrical Engineering at graduate level. Magnetic\jachines and Drives Group).

levitation is a part of graduate course

“Electromechanical Energy Conversion” being taughtrable. 1. “Electromechanical Energy Conversion” radgate
since 1978. Three lecture hours out of 30 hours imourse at University of Technology and Life Science

total are devoted to the electromagnetic (EML) and

electrodynamic (EDL) levitation effects and their Part| Topic Lecture
applications in  high speed transportatio : _ hours
Electromechanical Energy Conversion Laboratory (s |-Hamilton’s principle 3
equipped with variety of small-scale prototypes of BaS|c.coo.rd|nates and paramet.ers of systems 3
EML and EDL devices and system. Energies in process of conversion 3

1 Electrical and mechanical balance equations 3
in ABC, a-B, andd-q reference frames

2 COURSE STRUCTURE Transformation of voltages, currents and 2
fluxes in different reference frames

Fundamental equations of electromagnetic 3

The course curriculum is briefly described in Table

The course is divided into three parts: (1) cim@uit ) fF'eld i olect fic field 2
approach to analysis of electromechanical device$ Efergt(izr:'aeﬁ;ir:m:v%gf ';O'itm — ;
and systems, (2) electromagnetic field theory, 3) d D —OyAng

Analysis of electromagnetic field in

linear motors and magnetic levitation as exampfes p : :
conductive bodies

electromechanical systems. In addition to 30 lestur

’ . N Fundamentals of Finite Element Method 3
6 laboratory sessions support this course: (15[ iear electic motors 3
Repulsive and attractive forces of electromagr(@js, Magnetic levitation 3

Measurements of magnetic field distribution in #ie



Introduction of
levitation makes the
Conversion” course much more attractive to student: 1000 /
than in the case of using classical electrical nmash //

YA,

linear
“Electromechanical

as examples and laboratory equipment.

In the next sections, laboratory equipment for
demonstration of EML and EDL will be discussed.

3 ELECTROMAGNETIC LEVITATION

The simplest equipment
electromagnet with coils connected in such a way a:
to produce magnetic fluxes in opposite direction
(Figures 1 and 2). This electromagnet can product
quite large repulsive forces and can find practical

applications, e.g., in electromagnetically-actuated

motors and magnetic
Energy
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Figure 3. Repulsive forces of the electromagnetwshin
Figure 3 as functions of power consumption. 1-gaipg =

bottle jacks. Repulsive forces as fun_ctions of the 10 mm, 2 — air gag = 20 mm, 3 — air gag = 40 mm. Solid
power consumption are plotted in Figure 3. The line — current without pulsation. Dashed line —reat from
outside diameter of the electromagnet is 240 mm.
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Figure 1. Magnetic flux distribution in one half akial-
symmetry electromagnet producing: (a) repulsivedsr (b)
attraction forces.
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Figure 2. Electromagnet for testing
repulsive forces.

single phase rectifie

Figure 4 shows an EML system with controlled air
gap. Equation for attraction force between U-shaped
electromagnet and steel plate has been derived
including the magnetic voltage drop in the
ferromagnetic core (magnetic saturation) and friggi
flux, i.e.,

S, (N)? )

2
e +g+z
ZlurSFe/Sg

where g, =047x10° H/m, 4 is the relative

magnetic permeability of the ferromagnetic cogg,
is the cross section area of the air gapjs the cross
section area of the ferromagnetic cotg, is the
length of the magnetic flux path in the ferromagnet
core and steel platg,is the air gapz is the vertical
coordinate,i is the current andN is the number of
turns.
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Figure 4. EML systeng, - required air gaj, - actual air
gap,V, - speed of the electromagnet in thairection,m—
part being suspended.



Figure 6. Electromagnet with controlled air gaptfsting
EML forces: (a) magnetic flux distribution, (b) potype.

30
mm

Figure 5. Force densitfy plotted against the air gap
at constant MMEN = 1, 2, 5 and10 KA.

Neglecting the magnetic saturation and assuming
S =S, theattraction force per unit area of the air

z

gap, i.e., the force density is F|gure 7. Laboratory set up for testing EML forces.
H 2
f, :i:w N/m? 2) _
Sy 49 The laboratory equipment for measurements of
Figure 5 show the force densityplotted against the EML forces is shown in Figures 6 and 7. This simple
air gapg at constant MMRN = constant. physical model explains the principle of operatain

For small fluctuations of the air ggpand current, ~ GermanTransrapid maglev high speed train  and
the forceF, can be expressed as a linear function offapanese HSST maglev urban transit system.
the air gap and current, i.e.,
2
F,=-kz+k,i = —m% 3) 4 ELECTRODYNAMIC LEVITATION
herek;, k, are constants andh is the suspended . . .
W PP ! Hsp A very simple and effective teaching tool for EDL

mass. With zero initial conditiong©)=0, z(0)=0 . . .

is an aluminum boat-shaped object (small-scale
eqn (3) can be bzrought to the form vehicle) suspended, propelled and stabilized by the

ms“Z(s) =k Z(s) ~kii(s) (4) electromagnetic field excited by a long-primary
If the transfer function of the amplifier in Figude transverse flux linear induction motor (TF LIM).

is expressed as(9)/u(s) =k, /(L+sT.), whereu(s) is
the control votage signall,, is the amplifier time z
constant, andgs is a constant, the transfer function of - 7 e
the EML system is 4

Z(s) _ —koks (5) —_— . A —
u(s) m(L+ sTm)[sz—E) 7 w, — / ..

Position of poles in egn (5) shows that the systen .
is unstable even at unlimited increase kiks or
amplification factor of the position transducer.o T
provide ac_iequate reserv-e of stability, accuracy an Figure 8: Suspengi;ﬁ ofacondQctiive nonferromagnet
fast reaction, a_ _correctlve element (compensa_tpr seconde{ryinthe shape of a boat with flat bottorthe
between the position transducer and power amplifie  nagnetic field produced by a TF LIM (cross section)
IS necessary.

de\m



If the primary winding of a flat TFLIM is fed with —

an a.c. current, a conductive paramagnetic or e
diamagnetic plate will be suspended above the Ir !

primary core [1-10]. Lateral stabilization foroedl E E %bé 1

be produced if the conductive plate (the secondary) ™

appropriately shaped [1,2]. It is possible to dgesi . — . _
Figure: 11. Connection diagram of the primary cods

the secondary as .a \./ehICIe SUSpenqed and prapelle obtain unidirectional traveling magnetic field adpthe
by electromagnetic field of a LIM. Figures 8 and 9 \yngje track (primary).

show the secondary shaped as a boat with flatrnotto
of a TF LIM [3-5,7-9].

Figure 9. Laboratory demonstration of EDL effect

The electrodynamic forcd-, in the z-direction 5 3
(suspension force) can be calculated on the bdsis Figure 12: Laboratory set-up for demonstration dbLE
Lorentz equation. It has been derived in [3,7,8]. effect using a special TF LIM: 1 — primary (electragnets),

In the most recent laboratory prototype of the 2 - Secondary, 8 - main switch and safety swiich Bo-
TFLIM with the secondary suspended, propelled an poyers. 8 — frame. ’ ’
stabilized electrodynamically, the primary consits
36 electromagnets with E-shape cores distributed i _ _ o
two rows (Fig. 10). The length of the track is 1450 The gonr)ectlon dlagr'am of.electromagnet coils is
mm and its width is 216 mm. The dimensions of theShoWn in Figure 11. Coils in Figure 11 are connecte
E-shape cores are: 56-mm height, 84-mm width, 40in such a way as to obtain the traveling magnetic
mm thickness, 28-mm width of the center leg, 14-mnii€ld along the whole length of the primary. ltatso
width of the external leg, and 14-mm height of thePOSSible to connect the coils to produce only a

bottom yoke. The number of turns per electromagnePl!Sating magnetic field (single-phase excitation)
is N = 177 and the diameter of round wire without tWO traveling fields in opposm_a dlrectlpn. Thus,the
insulation is 1.3 mm. The class of insulation isS€cONd case, the secondary is kept in a stablégrcen

22°C. The current density at 20 Ams is 15 position of the track (Figure 9). More details are

Almm? A forced air cooling system with electric Shown in Figure 12.

motor-driven blower has been applied. The maximum 1€ EDL forcer; is very sensitive to the thickness
air flow can achieve 255 3. dy of the aluminum bottom of the secondary unit and

the air gapds between the surface of electromagnets
and the aluminum secondary (Figure 13). The smaller
the air gap and the thicker the secondary bottom, t
higher the EDL forcd-,. The electric conductivity of
the secondary and its fluctuation with temperature
also strongly affect the suspension forge Another
important effect is the so calledge effect that must

be taken into account in calculations of the EDL
forceF,.

Figure 10: The primary of the TF LIM consisting3f E-type Comparison of calculation of the suspensions force
electromagnets distributed in two rows. F, with test results is shown in Figure 14.




As the input frequency increases, the suspension
force F,increases too (Figure 15). If the frequency is

N s d =10mm doubled, the forceF, increases more than twice.
. Approximately, the suspension force due to
2 d, =7mm fundamental harmonic of the electromagnetic field
F) s d=§1t1m ~~~~~ \\ changes with the input frequency &s= 0202f 2*.
e \ Higher space harmonics practically have no infleenc
o I B e T Y on the suspension forég [8].
j e The laboratory prototype of the TF LIM (Figure
| dpTlmm N 12) for the demonstration of EDL effect helps
0, j - 1<mm»o students to understand the principle of operatibn o

air gap d the EDL maglev train on the Yamanashi Maglev Test
Figure 13. Electrodynamic suspension force as atifom Line (YMTL,)' Although, the YMTL ) USes
of the air gapl; for four different thicknessesy = 10; 7, 5; superconducting electromagnets, the repulsive $orce
and 1 mm of the secondary bottom at 300 V and 50 Hz are produced in a similar way. This prototype plays
Calculation results on the basis of Lorentz equafffo8]. also important role in public awareness of the EDL
effect (University Open Door, science festivals,
% - exhibitions, science education, amusement parks,
etc.). Precision manufacturing industry and defense
forces have shown interest in TF LIMs with the
— F2 calculations secondary suspended electrodynamically.

——Fz test results
—d3 calculations
—O—d3 test results
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5 OTHER SMALL-SCALE PROTOTYPES

=
o

d3 ///"/)/f
° Y//rf Teaching and demonstration of magnetic levitation
o] ‘ | is not limited to prototypes discussed in Secti@ns

240 260 280 300 320 340 360 30 400 (EML) and 4 (EDL). Examples of other prototypes

voltage, Vrms . f . . .
Figure 14. Comparison of calculations of the susjmn built as students’ projects are shown in Figures 16

force F, and air gapl; with measurements &t 50 Hz and and 17.
temperature of the seconda:7s C for fundamental

space harmonic of the electromagnetic field.
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Figure: 15. Influence of the input frequency ore th )
suspension forc&, Calculation results fo = 300 V Figure 16. Prototype of an EDL people mover suspend

rms, f = 50 Hz, g =75C, d, = 10 mm,d; = 5 mm, and propelled and stabilized using a V-shaped LIM.
el 1 2 - 1 L 1
fundamental harmonic of the electromagnetic field.
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Introduction of linear motors and magnetic
levitation to “Electromechanical Energy Conversion”
course has made this course more attractive to
graduate students. Problems regarded as diffiodt a
sometimes boring, e.g., Hamilton’s principle, Euler
Lagrange equation, Maxwell equations, etc., can
become interesting to young people, if illustrated
with modern power engineering technologies.

Power point presentations, small-scale prototypes
(Figures 2,6,7, 9-12, 16,17) and video movies have
been frequently used in the teaching process. In
students’ opinion (course evaluation sheets),
magnetic levitation was the highest value and most
interesting topic in the “Electromagnetic Energy
Conversion” course.

Figure 17. Prototype of a LIM-driven people moveithw 7 REFERENCES
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