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Figure 1: Levitation System

ABSTRACT

The goal of this project is to simultaneously levitate and power an autonomous device in
a controlled manner. The system of particular interest—a conductive ring, driven by a
solenoid—could be used to power machinery mounted on the ring without the means of an
onboard power supply. This induced power is supplied by the stored momentum of the
magnetic field generated by the solenoid when the field is altered. The induced current in the
ring is be rectified and used to run electrical components on the ring itself, without the
added weight of a battery. Thus, the design of this control unit could lead to the eventual
design of a circuit that can run automatically from induced power, and could be controlled

to move in three dimensions by adjustment of feedback controlled electromagnets.



INTRODUCTION

Applications for an autonomous levitation system range from design of small sensor devices to
explore tight spaces such as vertical pipes or ducts where defects must be mapped, to uses as discrete
surveillance systems. Expansion of the idea to a three-dimensional control system could be
advantageous to applications requiring minimal friction and as in bearings or transport systems.
Indeed, current magnetic levitation train technologies rely on three expensive methods of levitation
and propulsion which could be somewhat curbed by more efficient use of energy. EDS
(Electrodynamic Suspension)-type Mag-Lev’s rely on superconducting materials which require constant
cooling by heavy, expensive liquid helium refrigeration systems in order to maintain perfect
conductivity. Permanent magnet systems such as the Inductrack rely on a passive magnetic field but
can only achieve levitation at high speeds. These systems must also use an external propulsion system
to move and guide the train. EMS (Electromagnetic Suspension) trains are the in most widespread use
and rely on feedback controlled electromagnets to both levitate and propel the train. These require
high currents but have the advantage of supplying continuous levitation and providing propulsion.
Simultaneous power by induction could allow for more efficient use of the energy required to run
this type of train allowing onboard electronics formerly run by heavy auxiliary battery systems to use
the power typically lost during the levitation process.

Difficulties arise in control of such a system due to the intrinsic nonlineatity of the repulsive

force with respect to supplied current,

and the nonlinear relation to the
induced current and position of the

suspended device. The latter case can

easily be accommodated to supply an H QU |
onboard chip with power through use

of zener diode (within a certain Zener /N LOAD
Diode

tolerance of position). Position control

can be accomplished by feeding back |

the intensity of an IR LED or radio

antenna powered on the suspended loop (included in the LOAD in the figure to the right) to a
sensor driven state estimator connected to the electromagnet. The equations of motion relating the
levitation force to the input to the magnet can be linearized about an equilibrium point and the

appropriate state estimator implemented.
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Figure 2: Photoelectric Position Feedback System in Proposed Levitation Device.



DESIGN

I. SOLENOID DESIGN:

INTTIAL CRITERIA

Originally, a conductive coil was to be levitated above the power solenoid by the Lorentz
force law. This repulsive force is proportional to the time derivative of the supplied magnetic
tield from the power solenoid. Thus, if the solenoid is powered by a sinusoidal voltage, the force
is proportional to the amplitude -4 times the natural frequency w. A simple model for the power

solenoid is given by the RLC circuit shown below
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Figure 3: 274 Order Solenoid Model

with the generated field proportional to the current. To maximize the repulsive force without
requiring significant power consumption, the solenoid would be wound such that its resonant

frequency would be about 10 MHz.
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Figure 4: The system. A curvent 1(X) is driven through the solenoid. This current will produce a force F, on the
ring that is proportional to the current and to the height L of the ring itself.



We begin by defining the force on the ring by using the Lorentz Force Law, which states that the

repulsive force on a unit with a current I due to a magnetic field Bis given by:
E:gSI(deE) 0

The total force on the ring will then be the integral of the Lorentz law (1), applied to some
differential length dl in the ring. We know from symmetry that the net force must be in the

7 direction: all other components will cancel out when we take the integral around the loop.

From (1) above we get:
F,=¢dl-1,-B, )

where we have taken the scalar components of the vector quantities B and | ; s we are only

interested in one component of each (we set B =B;and | =1 ;). We find that the current and

the magnetic component are symmetric around the loop, so the integral is becomes trivial, and

we get:

Fz = 27Z.r ’ Iring ’ Br (3)

Now, we can use the geometry of the system to find B,. We take as a control volume a

cylinder the size of the ring, with radius I', and some differential height dz:

Fy e = T B2 +dE)

%, . =1mE,

Fppiom = TF B2

Figure 5: The flux diagram for the cylindrical control volume. We see that the total fluxc must be equal to zero, so the flux
lost through the sides must be the net flux gained through the top and bottom.

We must have a total flux equal to zero in our control volume, since it only contains empty

space. We know we gain some flux through the bottom, lose some through the top, and also lose



some through the sides. We have expressed these values above as a product of the magnetic flux
density and the surface area. By setting the total flux equal to zero to satisfy this continuity

condition, we get:

oB
0=27rB, —7r* — (4.2)
oz
which simplifies to:
_ —rdB, ah)
T2 dz '
Then,
dB dB Vi
F,=—nt® -, —=—nr".— -2 )
dz dz R,
where
. Ni R®
B(z,i) = 02 s _,\302 ©)
(R*+2%)
and Vring is the induced EMF in the ring, which is given by Faraday’s Law:!

do dB
= — = —A 4
E dt dt
2 : (6.2)
= _ﬂ'rz/loN RSO' . dlsol (t)

(RyZ+z(®)?)” dt

Here N is the number density of windings in the solenoid, and we have assume that Z(z) does

not change appreciably in time. Thus, the simple result for the induced voltage is

1 Griffiths



K di__ (t—6)

Vime =~ ) 32 SOld (6.b)

( Rsol +Z (t) ) t
where K is a constant lumping up the messy system parameters and theta is some phase lag
owing to the self inductance of the ring (we will return to this later).
We also need an expression for q L for which we get%
z
de _ 2 luoisol (t) N Rsol2 _ C-Z (t) ) isol (t)
- 32 |~ 572
a2 (Ra'+ZO7) | (Ra’+Z0))
v

where we have again grouped constants into C for brevity. Plugging (6) and (7) back into (5), we
get:

Fz = 2n < ~3/2 = 'Z(t) 5/2 isol (t)'i;m (t—(9)
R. 2 2 2 2
ing (R’ +2%) " (R’ +Z(1)°)

_ Z (t) ) isol (t) ) is’ol (t - 0)

TP R Z0)) o
ND'isoI(t)'islol(t_e)
i Z(t)

where we have assumed in the last approximation that the distance Z(#) above the solenoid is
much larger than the radius of the solenoid itself.

We can now find the equations of motion by using Newton’s First Law (F = mZ (). We
assume that the only forces acting on the system are gravity and the Lorentz Force, so we wind

up getting:

5 Dei)-i(t=0)
z

mg 9.2)

Or

2 Griffiths
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The derivative term can be misleading in that the force is
not generated by the current of the solenoid; rather, it is
generated by the opposing magnetic fields of the ring and
the solenoid (which has an 7#) dependence) and the ring
(which is dependent on the derivative of /(2)). The phase lag
¢ is included here to indicate that the opposing magnetic

field of the ring is not necessarily instantaneously induced

by the oscillating magnetic field of the solenoid. In fact the
ring itself is an inductor and will introduce this phase lag between the generated current and the
induced EMF generated by the solenoid current. If the capacitance of the between the coils is
negligible, we can use a simple RL circuit to model this. Notice that the average force is zero
unless the field generating current, 7, is in phase with the induced current’s derivative.> We can
use the self-impedance relationship for the ring to find the phase lag of induced cutrent’s

derivative in terms of the EMF voltage generated by 7,24

i, (t=0) =i/, (t)= %(VEMF (1) =Ry (1)) (10)

where R is the resistance of the ring and L is its self-inductance. Taking the Laplace Transform

and solving for the transfer function of the derivative we get:

S

1
T(S)—E'm (11)
R

We get the following Bode plot:

3 Notice that for any periodic waveform such as a sinusoid, the derivative is 90° out of phase. Thus
the average of the signal times its derivative must be an odd function with average zero.
* Purcell

10
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Figure 6: Bode Plot of Current throngh Levitation Ring

where we can see that the phase only approaches zero when the circuit is driven an order of
magnitude greater than the pole frequency L/R where it also approaches its maximum gain.
Thus, experimentally it appears that the induced force is proportional to the square of the
amplitude of the supplied solenoid current over the height of flotation for high driving

frequencies with respect to L/R.:

-0 (9.0

MATERIALS SELECTION

In constructing the power solenoid, special care was taken to use the proper materials to
produce the maximum field strength that could be oscillated megahertz frequencies. Here I will
discuss some of the concepts involved in materials selection of suitable magnetic materials.

Magnetic fields in matter are rated by the magnetic flux density (or magnetic induction) B. This
quantity gives measure to the quantity magnetic field lines passing through a surface per unit area
and is proportional to the ambient magnetic field strength H plus the magnetization M of the medium
by the permeability of free space p,:

B=u,(H+M) (10)

>

where 1, =4r x107 N/A2 In general, the magnetization itself is proportional to the magnetic

tield strength by the linear magnetic susceptibility y,. Then,

11
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B=u,(1+ x,)H a1
=uH
where x is the medium’s magnetic permeability. Often however, materials are characterized by their

relative permeability

=" (12)
Hy

In order to support and enhance the magnetic field strength H supplied by a current-carrying

coil, high permeability ferromagnetic materials should be used for a solenoid’s core.

Figure 7: Magnetic Fields trough Vacuum and through Iron

One must also consider that the saturation flux density of any given material will limit its
maximal performance; that is, once the magnitude of the field strength reaches a certain value, all
magnetic dipoles will be aligned with the field and further magnetization cannot take place.
Typically, iron has a saturation flux density of about 2 T. This is an upper value in typical NMR
machines. In cores which must support magnetic fields greater than this such as in an MRI
which requires flux densities of 40 T, air can be used as the core material as it will not saturate.
However, because air has a relative permeability of only 1, one would need to provide 150 times
more field strength than necessary to generate the same flux density within an iron core with a

typical relative permeability of 150.

Another important factor is hysteresis loss. The graph below shows the B field as a function
of the H field.

5 http:/ /hyperphysics.phy-astr.gsu.edu/hbase/magnetic/elemag.html#c4

12
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Figure 7
Figure 8: B vs H of a typical ferromagnetic material.

Note that the magnetic flux density is path dependent. In traversing the curve, the area enclosed
by the path is the energy cost of changing the magnetization of a material. This is usually released
as thermal energy at the expense of the induced field in a solenoid core. The saturation flux
density can also be determined from the cutve and is given by magnitude at the cusps of the
hysteresis curve where the magnitude of B approaches the horizontal asymptote. The
permeability of the material is given by the slope of the curve at any given point and is seen to be
dependent on H. The initial permeability is that given on most data tables and is the slope of the
path starting from the origin. Here is good place to elucidate the meaning of permeability: It is a
measute of how easy/difficult it is to rotate the magnetic dipoles within a medium.

Materials that have a narrow hysteresis curve experience little energy loss in the presence of a
changing H field and are dubbed “soft” magnetic materials. These usually have steep curves
originating from the origin and thus have very high initial permeabilities. “Hard” magnetic
materials on the other hand undergo massive core loss and require massive amounts of energy to
change their magnetization. For this reason, hard magnetic materials have a large remenancy; that

is, they generally hold their magnetization indefinitely unless forcefully altered.

13
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Figure 9: Hysteresis Curves of Hard and Soft Magnetic Materials

For these reasons, soft magnetic materials are preferred for AC operation. A table of soft

magnetic materials is given below and a chart of hard magnetic materials in the following section.

Table 1: Table of Soft Magnetic Materials

Initial Relative Serturation Hysteresis

Composition Permeabyility Flux Density B, Loss/Cyele Resistivity p
Material (ot %) ! [testa _(gﬂus.v)] [J/m"; (5,,.:2./‘.,,,?‘)] . (Q-mm)
Commercial 99.95F¢ 150 2.14 270 1.0x 107
iron ingot (21.400) (2700)
Silicon—iron 97Fe, 3Si 1400 2.01 40 47 %1077
(oriented) (20.100) (400)
45 Permalloy 55Fe, 45Ni 2500 1.60 120 45 % 1077
(16.000) (1200)
Supermalloy T9Ni, 15Fe, 75,000 0.80 — 6.0 % 1077
SMo, 0.5Mn (8000)
Ferroxcube A 48MnFe,0,, 1400 0.33 ~40 2000
52ZnFe;Q, (3300) (~400)
Ferroxcube B 36NiFesQs, 650 0.36 ~35 107
647nFcs0, (3600) (~350)

6 Callister, 690
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Table 2: Soft Magnetic Materials Listing from Ed Fagan Inc”

Typical DC Magnetic Properties

Saturation Induction - Gauss 8,700 14,500 24,200 21,500 21,500
Maximum Permeability 230,000 100,000 10,000 10,000 10,0000
Coercive Force - Oersteds 0.015 0.060 0.400 1.000 1.000
amps per m 1.19 477 31.83 79.58 79.58
Typical AC Magnetic Properties
Core Loss W/Ilb @400Hz & 20k G N/A N/A 34 N/A N/A
B-40 Permeabilty @60Hz 45,000 6,500 N/A N/A N/A

NA = Not reported, not a typical application value

One other consideration is important to take into account: resistance. An oscillating
magnetic field induces an electromotive force which causes current to flow in the opposite sense
to the current supplied through the coil. This manifests in magnetization opposite the desired
direction and effectively increases the impedance of the coil. This mutual inductance is exactly
what we want in the floatation coil but is a hindrance to the performance of the solenoid of the
solenoid. Because of this we requite a core material with very high resistance which will keep
eddy currents to a minimum. Other tricks can be employed to lessen eddy currents such as
eliminating any circular paths for current to flow or by using laminations to prevent current flow

from one sheet to the next.

CONSTRUCTION & MODIFICATION
Noting that an alternating magnetic field will also induce a back EMF into the winding itself

thereby impeding the flow of current, effort was taken to minimize the self-inductance

2

L o 1,5 (13)

The strength of the field depends on # so it is not desirable to minimize this quantity too much,
rather, by maximizing the length of the solenoid / we can minimize the self-inductance
affordably.

A 7”7 long, 4” inner diameter steel spool was to be constructed for winding the coil. To
maximize the saturation density, EFI Co50 alloy rods were held in a primarily air core by
insulative phenolic sleeves which were pressed into the spool which was to be wound with the

proper magnet wire.

7 www.edfagan.com

15
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The proper solenoid winding gauge was determined by an appropriate java script (see
APPENDIX) by comparing the winding density (a positive factor in contribution to the net
magnetic field) to the net impedance of the solenoid for each gauge. Also considering price
constraints and availability, 30 lbs (almost one mile) of AWG 16 gauge magnetic wire rated at
300° C was chosen. The core was wound from 4.3” to 6.9” in diameter (about 21 layers of
winding) and had a DC impedance of about 14 Ohms. Winding was done originally to be done
on a lathe, but even on the lowest speed setting, windings would jump and slide creating air gaps
which decrease the winding density. This was also intolerable because thermal expansion and
strain working of the wires during AC operation would cause windings to rub insulation off and
short together whole layers. For these reasons, winding of the solenoid was done painstakingly
by hand.

In order to reduce the total impedance of the core, it was initially planned to wire every two

layers of wiring in parallel with the next two successive layers.

vi + L1 L2 L3 L4 L5 L6 L7 L8 L9 L10  5L11
@ %82mH % 82mH %82mH §82mH §82mH %82mH % 82mH %82mH %82mH § 82mH %82mH
120V \=
60 Hz
Z = 8.2 Ohms
0Deg 5
3

V2

+ L12

~ éSZOmH
120V \=
60 Hz
ODeg 4 Z = 820 Ohms

Figure 10: Dividing Inductance for Solenoid Winding

This reduces the necessary driving voltage to below the safe limit of 48 V but requires a
significant amount of amperage. Because the power supplies available for use could only deliver
a total of 5.6 A, a continuously wound magnet was built instead, with a maximum possible
voltage drop of 70 V to accommodate the limitation. Because a series aligned inductances add
while a parallel alignhment diminish, the total impedance was sacrificed for current performance,
which is the contributor to the magnetic field. However, the power supplies were only able to
deliver up to 20 kHz AC current without significant attenuation, limiting the electromagnet’s
response orders of magnitude below the ten megahertz resonant frequency.

Inductive power supplied to the solenoid at 5 A amplitude, 20 kHz frequency was
insufficient to jump a 77 ID, 8” OD ring without extending the solenoid core through the center
of the ring. Because the levitating device was to be completely free-floating, this was an

unacceptable condition.

16
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To compromise for the lack of repulsive force, the entire system was flipped upside-

down and the solenoid was fitted with a 3” diameter, one inch thick, high power N48

neodymium magnet.

Figure 11: Solenoid with Permanent Magnet

At the time, N48 was the highest grade magnet available in size. Several weeks later higher grades
N50 and N52 advertising higher flux densities came on the market.

The magnet alone allows astable floatation of a one inch diameter by one inch thick N50
neodymium magnet up to 8 inches. However, because a hard magnetic material is now
introduced to the core (already near saturation) further boosting of the auxiliary field produced
by the coil is limited.

17



Table 3: Table of Hard Magnetic Materials

18

Remanence Coercivity Curie
B, H,. (BHD,«  Temperature  Resistivity
Composition [tesla [eernp-turn/m [k /rd® 7. P
Material (et %) ganss)) (0e)] (MGOe)] [°C (°1)] (Q-mi)
Tungsten 92.8 Fe, 0.95 5900 26 760 3.0x 1077
steel 6W,05 (9500) (74) (0.33) (1400)
Cr,07C
Cunife 20 Fe, 20 0.54 44,000 12 410 1.8 x 1077
Ni, 60 Cu (5400) (550) (1.5) (770)
Sintered alnico 8 34 Fe, 7 Al, 0.76 125,000 36 860 —
15 Ni, 35 (7600) (1550) (4.5) (1580)
Co, 4 Cu,
5T
Sintered ferrite 3 BaO~6Fe,05 032 240,000 20 450 ~10%
(3200) (3000) (2.5 (840)
Cobalt rare carth 1 SmCos 0.92 720,000 170 725 50x1077
(9200) (9,000) (21) (1340)
Sintered neodymium-  Nd,Fe, 4B 1.16 848,000 255 310 1.6 X 107¢
iron-boron (11,600) (10,600) (32) (590)

In this scheme, it is necessary to “drop” a floating magnetic object by enhancing or

attenuating the supplied DC current to the electromagnet rather than propelling a conductive

ring with AC current. The AC component to power a coil mounted on the floatation magnet will

also influence the total attraction and be the manifestation of the supplied inductive power.

8 Callister, 693
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The force between two magnetic fields is proportional to the net flux between the generators of
those fields. In thus case a solenoid, a large permanent magnet, and a floating permanent magnet
contribute the total flux. Geometrically, the magnet field of a cylindrical magnet and the
magnetic field of a current carrying coil of wire are indistinguishable. Thus, the total force on the
floating magnet will be proportional to its static B-field times that of the solenoid plus its B-field

time that of the permanent magnet. Considering Equation (6), the force becomes approximately

mi m,

Z_m2)9/4 (Z_m4)9/4

F(z,i)= (14)

The m;’s are fit parameters grouping all the geometrical factors found in the similar
derivation of the inductive force. 7; and m; scale the strength of the solenoid and the permanent
magnet, respectively, while . and 724 account for the effective distances from the solenoid to the
floating magnet and from the permanent magnet to the floating magnet (with contributions from

their radii).

POWER SUPPLY REVISITED
Noting that the induced voltage to the levitation coil is proportional to both the frequency

and magnitude of the current in the solenoid wining,

Vewe (£)] o —,0f [i(t)), (15)

one option to improve power performance is to exchange driving frequency for amplitude. This
may be accomplished by driving the solenoid at 60 Hz (near its DC impedance) with substantial
current drawn from the AC outlet. On average, the net DC force on the levitating magnet would
be zero; however, this current could be rectified to produce an only positive or negative-sensed

current to supply the appropriate magnetic field.

A better idea is to rectify both positive and negative components of a wall outlet’s voltage to

supply DC power to a fast push-pull amplifier.

19
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Figure 13: Rectifying Power from the Wall Ontlet

The positive component is taken and smoothed by five 100,00uF capacitors rated at 25V each to
minimize ripple to Y2 V (0.42%). The same is done on the negative side of the circuit. The

outputs are then connected to the terminals of a two stage push-pull amplifier.

20
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Figure 14: Push-Pull Amplifier

The amplifier follows a -5 to 5V output signal from the computer and is limited in speed by the
op-amp (the transistors in use here are relatively fast). The output of the controller can be
effectively amplified to up to 240V as the first stage of the amplifier pulls one terminal of the
load up to +120V while the second stage pulls the other terminal down to -120 V (and vise-

versa).

If faster switching speeds are required for induction, a comparator with a PWM input signal
from the computer could be used instead of the op-amp. This would not be difficult to realize
implement; however, because of time constraints, converting the output from the controller to a

PWM signal was never implemented.

I1. POSITION SENSING:

THEORY
To complete the feedback loop it is necessary to know something about the state of the
levitating object. This can be accomplished by position sensing. There are several methods of

doing this:

Hall Effect Sensing
One Hall Sensor is placed in a location where it can only measure the B field of the

solenoid.

21
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Another is placed in a location where it measures the total field from the solenoid

and the floatation magnet.

Based on the difference between the signals the position of he floating magnet can

be determined.

This method can be unreliable and is subject to interference.

Optical Interference

The beat pattern between a laser beam and its reflection of the floating object is

measured to determine distance.

S<

This requires complex and expensive equipment.
While this offers the best resolution of any method, it is only good over a short

distance.

Triangulation

Light is sent at an angle to the object and the reflection’s position is measured

Light Source Photodetector

While the equipment isn’t limitingly expensive, the long photodetector needed to
measure displacements can cost well over $60.00.

Alignment is difficult.

Time Of Flight

Easy to implement.

22
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Requires fast electronics for nanosecond measurements.

Accurate measurement.

Optical Intensity
Easy to implement.
Requires filtering which limits speed of acquisition.

Reasonably accurate measurement.

Although I considered using triangulation, the last two methods appeared to be better at

providing distance data over long distances. I will go into more detail on these methods below.

For the time of flight method, laser light is be pulsed and the time it takes to return to a
photodiode receiver will provide two times the distance to the object off which the pulse is

reflected:

d=— (16)

Similar measurements can also be achieved using ultrasound.

For a cost effective solution, the magnitude of a certain wavelength of light reflected
from the object of interest can be measured. This is the optical intensity method. In this case, an
IR LED is flashed at 20 kHz and is received by a photodiode. The photodiode’s output is
digitally filtered to produce only the clocked Fourier spectrum and the magnitude measured to
determine the distance regardless of ambient conditions. The output must be calibrated against
the known position (leading to inaccuracies) and the method is also relatively slow. For these two
reasons, modern control techniques cannot be used as accurate derivative (velocity) feedback

cannot be obtained. An example output from the system is shown below:

23
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For better accuracy and speed an IR laser could be used instead of the LEDs. Although IR

laser diodes are readily available for about $20, pulsed versions require a relatively large supply

current (typically 1.4 to 12A). Without stringing together a row of smaller power supplies to

provide the necessary current, it was not possible to attain such a current with the equipment

available to us (the large power supplies were already in use on the solenoid). I did experiment

with one IR laser diode rated with a lasing threshold of 1.4 A. However, the diode was faulty and

would not lase for reasonably supplied amperages (up to 4 A).

CIRCUIT

The circuit below was designed using a 555 chip to pulse three 840 nm IRLEDs at 25 kHz.

The output is picked up by a photodiode and amplified then fed into a computer for processing.

24
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Figure 17: Position Sensor Circuit

The actual board was modified later on to a 20 kHz, approximate 50% duty cycle pulse train
which allowed better response from the photodiode detector.
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CONTROL

SYSTEM CHARACTERIZATION:

To pick the optimal magnet for levitation one must consider its geometry. Consider a
cylindrical magnet cut into thin lateral slices. Each slice contributes to the net flux of the entire
system, but because the falloff of the magnetic field with respect to distance is faster then linear,
each slice contributes less and less force between it and the permanent magnet in as it grows in

distance from the core.

Figure 158: The Flux of two Permanent Magnets

Thus the added weight of each subsequent slice will grow faster than the total force.

Also notice that as the diameter of a slice levitating cylinder increases, it encompasses more
tield lines. Thus the force scales at approximately the same rate as the increase in weight for a
magnet of larger surface area. Optimally, the best levitation magnet is as thin as possible with the

same diameter (3”) as the core magnet.

Out of several different magnets, a 1.5” diameter by 1/8” thickness ND48 magnet was
chosen as the levitator. A 3x1” N48 magnet similar to that in the core provided 50 times more
force (at 72 times the mass). Although this magnet’s equilibrium floating position was about 2”
less than that of the thinner magnet, its strength would allow for a larger, heavier induction coil
and a greater payload. Another 1x1 N50 displayed a significant increase in strength per mass. It

could float 10” at 0 amps and carry ample load. However, the latter two magnets both would

26



27

require high current to achieve stability in regions above the equilibrium position nearer to the

solenoid.

To measure the force between the magnets, fishing line was connected between a 239.8g
wooden block and a 4.0g polystyrene block. The wooden block was placed on a scale and the
levitation magnet floated beneath the polystyrene block. By reading the change in scale reading

from the total component weights, the force between the magnets could be determined.

Figure 169: Force Measurement of System

By varying the current from -5 to 5V DC at set string lengths, the force contour vs. current

and drop height could be determined.
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—=o— Current Slope (N/A)
-5— Current Offset (N)

Current Slope & Permanent Magnet Offset Versus Distance

35 1 1 1

[

Current Slope (N/A)

Distance (cm)

Figure 20: Falloff of the force due to the permanent magnet force and the slope of the force due to the solenoid.

Above are data points taken at 0 A (blue) and at a constant amperage (2.5 A, red)
corresponding to the interaction with the permanent magnet in the core and the behavior of the
solenoid separately. The lower fit fits all constant parameters in the function from Equation ().
The upper fit forces the decay rate to (z-mj34)?/4 as derived. I assume the second fit is more

reliable as the second data point is obviously inaccurate and pulls each curve from its mark to the

lower fit.

The magnetic force was found to be

27 185
(z+1.44)""  (z-253)™

F(z,i)=
an

considering all data. The functional force contour looks as such:
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Figure 21: Force Contonr of Levitation System

Empirically, we had found

f(i,z)=( a__ b (18)

2—21)9/4 (2_20)9/4

Also,

9b ~ i
4(z- 20)13/4 4(z-1z,

f'i,z) = (19)

)13/4

where z; is the distance from the electromagnet’s effective center and zp is the distance from the

permanent magnet’s center.

Expanding in a Taylor series we find the linearized expression about a position p

. df df .
f(Z,I) ~ f(p!0)+alz:p,b:0 (Z_ p)+alz:p,b:0 (I - p)
20
-9/4 . ( )

z-p)+a(pz,) i

-13/4 (

- -9
=b(p-z,) o +Tb(p-zo)
Therefore,

f~A-B(z-p)+Ji
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where
A=b(p-20)""
)713/4

9
B==b(p-20
4 (p-2

J=a(p- 21)79/4
I1. Equations of Motion near Position “p”:

The equation of motion is

mg-F =mZ-Dz 21)

where z is the distance from the solenoid base and D is a damping term due to air resistance.

This becomes

7+Dz-Bz=g-A-Bp-Ji 2

We'll substitute in the state variable X = Z + — P to get rid of the offset on the input

side of the equation.

Applying the Laplace Transform, the transfer function is

J

G(s)=—o—"
I (S) 52 +Ds-B (23)

II. COMPENSATOR DESIGN:

The system as a whole can be broken down as such:
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Figure 22: Control System Diagram

An input from the MatLab Workspace is converted into a voltage to be output to the system.
The gain of the operational amplifier is set at about 20. The signal is sent to the electromagnet,
the levitator responds, and the position from the detector is fed back into the controller to
compensate the system.

The transfer function of the electromagnet’s current in response to the applied voltage from
the controller can be treated as an RLC circuit in series operation. We may also easily adjust the
total capacitance by adding an external capacitor in series with the electromagnet to adjust for
stability requirements. In this case, we will choose the total capacitance such that its contribution
is negligible in order to reduce the order of the model. Assuming we connect the coil to the
power supply in reverse sense (to get rid of unwanted negatives in the system transfer function),

the electromagnet transfer function becomes

S
Ls+R

Gm (S) == (24)

We will also set the gain of the power amplifier 20 and employ a phase-lead controller to

improve stability. The open loop transfer function is then

20J (a;s+
G(s) = (3 ?) 25)
L(bs+1)(Ls+R)(s*+D*s—B)
and the characteristic equation of the open loop transfer function is
C(s)=bLs*+(bR+bDL+L)s’+(bDR+R+DL-BbL+20a,J)s’
(26)

(DR-BbR-BL+20a,J)s-BR
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To satisfy the Routh-Hurwitz stability criterion we can quickly see that 4; must be negative in
order for all coefficients of the characteristic equation to match. At 10 cm, with a solenoid
inductance of .962 H and resistance of 14 Ohms, the root locus of the uncompensated open

loop transfer function looks as such:

20 -

10

-40

Root Locus Root Locus
' I 03F T T T T T T
‘ \
1 |
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w |
: |
| 0.1p ‘
I/
\/ o ‘
/ 2
——————— de 5 oo |
) \
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1N 01} |
‘ \
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Fignre 23: Root Locus of Uncompensated System

We have also approximated the damping coefficient D is negligible for ease of calculation.

The controller is decided to be phase-lead (as shown in the overall system above) to account
for the poles in the right half plane of the complex plot. We will pick our new pole at -0.4 £ 0.0;
based on the blowup above to stabilize the system. Because we are not so concerned with the
speed of the system, we will choose controller values fairly arbitrarily to lead to simplistic
calculation. Thus, we will also choose 49 = 1. For any point about which the system transfer

function is linearized, controller values @; and &, are calculated according to

Sin(-0.4+0.4)+(G,(-0.4+0.4)[sin (angle(~0.4+ 0.4 j) - angle(|G, (-0.4+ 0.4 )]
a1 =

-04+0.4[G, (~0.4)|sin angle(|G, (-0.4+0.4 )

. sin(angle(—o.4+o.4j)+angle(\Gp(—o.4+o.4j)\))+\ep(—o.4+o.4j)\sin(—o.4+0.4j)

~[-0.4+0.4]|sin(angle(|G, (-0.4+0.4]))))
@

For this particular example we can see that the step response is very slow and the steady state

error is almost 5 cm, although simulation shows stability.
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Fignre 24: Simulated Step Response of Compensated System

In implementation this configuration is not permanently sable and the levitation magnet will
eventually fall to the ground. In attempts to speed up the system by choosing different poles, the
general result is the opposite, and the levitator flies to the solenoid. This is most likely due to the

extreme nonlinearity of the system away from the linearized position.

II1. IMPLEMENTATION:
An input from the PCI 1200 Data Acquisition System is fed into a Simulink Real Time

Workshop control system. The linearized position’s corresponding variables are calculated and

proper controller configuration implemented on the fly.
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Fignre 25: Simulink Workspace Layont of Control System

The controller output (-5 to 5V analog) is sent to the push-pull amplifier that drives the system
and attempts to hold the system in the desired equilibrium position. The settling time is ignored
in calculation as we do not require high speed — only high accuracy — to prevent disturbances
into nonlinear regions.

Unfortunately, disturbances driving the levitation magnet closer to the permanent magnet in
the solenoid increase the necessary power from the amplifier beyond its limit to drive the
levitator back down to equilibrium. The problem could also rest within the control system as I
have not had the time within the duration of this project to optimize it.

Because of the limiting driving frequency of the Kepco bipolar op-amps 1 was originally
using, I was only able to obtain 1/200 of the supply voltage in a light, 4” diameter coil of 100
windings one foot in distance from the solenoid. It would be interesting to see if reasonable
voltage could be obtained from a faster power supply considering the fact that induction is
directly proportional to driving frequency. Of course, driving the solenoid at a high frequency
would also have the negative effect of increased impedance within the winding, requiring a more
powerful power supply. As it is now, a battery mounted on the floatation device could easily be

recharged in close proximity to the solenoid before traveling to its desired position.
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DISCUSSION & CONCLUDING REMARKS

In simulation, a phase-lead controller was able to stabilize and control the magnetic levitation
system assuming ideal position and derivative feedback with an ideal power supply. In practice,
stability was not so easy to obtain. Because of the strong position dependence of the magnetic field, a
power supply must be able to respond with ample current within the time constant of the system.
The two Kepco bipolar operational amplifiers I was originally using could only supply 5.0A when
10A would have been the tolerable minimal. These op-amps were also poor at driving the large
inductive load required to levitate the object. Switching times only approached the 20 kHz region
while the solenoid was designed and built to resonate around 10 MHz.

At 20 kHz, the system can only induce 1/200 of the supply voltage into a small 4” coil of 100
turns. To curb the power supply issue I have built my own push-pull amplifier. I am now able to
drive the solenoid up to 1 MHz with reasonable current, although time has not permitted me to test
power by induction at this frequency.

Modification to the solenoid design could also significantly loosen the requirements on the
power supply. The field strength of the solenoid at a given current can be improved by increasing
winding density. Thus, constructing an 8” outer diameter spool with a one to two inch inner diameter
could greatly boost performance. In order to maintain the same DC resistance of a solenoid with
higher winding density, the spool length would have to be shortened from 77 to two or three inches
as well.

The smaller size of the spool’s inner diameter would also allow other benefits. Because of the
decrease in inner diameter and length, a solid piece of Hyperco Alloy 50 could be used as the core for
an affordable price. Also, the decreased length would allow one to put the permanent magnet on the
backside of the spool. With the permanent magnet at the front (nearest to the levitating magnet) the
performance of the core was greatly reduced because its effective center was moved farther away
from the levitating magnet. However, the permanent magnet could not be moved to the back of the
spool because the falloff of its field through the insubstantial core is too great and the field would be
significantly diminished at the front of the electromagnet. On the back of a shorter solenoid with a
solid core, the decay of the DC field would be minimal while the electromagnet’s performance would
be significantly increased by the nearness of the core.

Unfortunately, decreasing the length of the solenoid also increases its inductance. Based on the
recommended geometry for a new solenoid described above, this inductance would increase
threefold upon shortening of the solenoid. However, this could be curbed by a factor of eleven
simply by wiring layers of winding in parallel. A 5V, 10A power supply would be more than sufficient
for the task of driving this solenoid.

It may seem like levitation and power by induction costs a great deal of power, but it must be
realized that near the median operating distance as dictated by the DC field of the permanent
magnets, minimal power is supplied. General power is spent driving small perturbations back to

equilibrium only. The high wattage is necessitated by the initial dropping the permanent magnet to its
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resting position. In a worst case scenario, it might take 1000W to drop a 1x1” neodymium magnet
10cm. However, as soon as the field is cancelled the magnet will begin to fall at 9.8m/s. Thus it will
only take one hundredth of a second to fall the 10cm. This is a total energy consumption of only 10]
(1000W*1/100s)! After this, the required power should be far less. Of course, high power is still
needed for floating an object especially near or far away from the solenoid.

This project has showed that simultaneous levitation and power by induction is a feasible
method for controlling a wireless device through space. Although neither controlled levitation nor
efficient power by induction was successfully implemented, rules for constructing a better system

were made clear. Hopefully, this project will be able to be extended upon in the years to come.
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SAMPLE CODE

Wire Gauge Scrip:

Java Script:

public class maxVoltage {

public static void main(String][] args) {

12.8,16.14};

double N=2500.0;

39

double[] R={0.9989, 1.26, 1.588, 2.003, 2.525, 3.184, 4.016, 5.064, 6.385, 8.051, 10.15,

double[] d={2.58826, 2.30378, 2.05232, 1.8288, 1.62814, 1.45034, 1.29032, 1.15062,
1.02362, 0.91186, 0.8128, 0.7238, 0.64516};

double[] Vmax=new double[R.length];
double[] L=new double[R.length];
double[] Rtotal=new double[R length];
double[] width = new double[R.length];

double Ampl=4.0;

for(int i = 0; i< R.length; i++) {

Rtotal[i]=(14.5*N*R i])/12000;

double pi=Math.PI;

double omega=2*pi*1000.0;
//System.out.println(pi);
double u=4*pi*1E-7,

//System.out.println(u);

39



for (inti = 0;i < Rlength; i++) {

L[i]=u*N/4*pi*Math.pow((8.0¥0.0254),2);

width[i]=N*Math.pow((d[i]*0.0393700787),2) /6.25;

}

for (inti = 0;i < Rlength; i++) {

double arctanterm=Math.atan(-L[i]*omega/Rtotal[i]);

double costerm=Math.cos(arctanterm);

double sinterm=Math.sin(arctanterm);

Vmax[i]=Ampl*(Rtotal[i] *costerm-L[i| *omega*sinterm)

}

for (inti = 0;i < Rllength; i++) {
System.out.println(Vmax([i]);

h

System.out.println("min omega");

for (inti = 0;1 < R.length; i++) {
System.out.println(" "+ (10*L[i] /Rtotal[i]));

}

System.out.println("resistance");

for (inti = 0;i < Rlength; i++) {
System.out.println(" "+ (Rtotalli]));

}

System.out.println("width");

for (inti = 0;i < R.length; i++) {

System.out.println(" "+ (widthli]));
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Position Sensing:

function h = displacement(sensor,calibration)

% Takes unfiltered signal from position sensor every 32 data points
(-64 ms).

% Determines position and converts to control voltage.

Fs = 50000; %Sample
Frequency
clk = 19980; %Expected

Signal Frequency = 19.98 kHz
t = (O0:length(sensor)-1)*(1/Fs);
%time step vector for 34 points
tnew = O0:t(length(t)/27"13-1:t(length(t));
%time step vector with 2713 points
signal = interpl(t,sensor,tnew, “spline);
%interpolate data for better resolution
signalfft = fft(signal); %Fourier xform
with 2713 data points
newFs = 1/(t(length(t))/(2"13));
normalfreq = linspace(0,0.5,2"13/2);
T = normalfreq(2)*newFs;
%F is the data separation in Hz
pwr = abs(signalfft(round((clk-
80)/fF)) signalfft(round((clk+120)/%))) -~2; %Power spectrum of the
signal near 19.98 kHz
h=calibration*max(pwr) ; %Determines
max power and scales to 0-5V
end
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FORCE DATA:

Current Slope (N/A)

Current Slope & Permanent Magnet Offset Versus Distance

3.5

S— Current Slope (N/A)
-=— Current Offset (N)

LY

R
S S S ]

Distance (cm)
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3.5

25

15

0.5

44

Data 15
| | | |
O\ ——y=26294%x7(-2.3197) R=0.98037 |
R\ e y =14.453 * /(-0.23147x)| R=0.99588] ]
y = m1/m0~ 2.22
NN Value | Error [ |
m1 | 203.25[12.187
LN Chisq| 0.23009] NA[ |
0.97991
| | | |
6 8 10 12 14 16
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Current Slope (N/A)

—©o— Current Slope (N/A)
-=— Current Offset (N)

Current Slope Versus Distance

35 : :
- ! y = m1/m0o~ 2.22 !
\ YA Value| Error [P242
3 ey ML 5541631794 flggy i }
\ ; Chisq | 0.010182 NA ;
\ | R| 0.99102]  NA |
25 proreo N o e e .
2 L \ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _

15 |- \

Distance (cm)
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Current Slope (N/A)

—©o— Current Slope (N/A)
-=— Current Offset (N)

Current Slope Versus Distance

35 T T
D\\ y = m1/m0~2.5
| | Value Error
3 ,,,,f\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, m1 | 89.249] 6.8946
. Chisq | 0.025457 NA
\ R| 0.97784 NA
25 e R e e o -
\ § y = m1/m0~2.5
v 3 Value | Error
2 i = ER S ml | 342.45|28.693 ||
Chisq| 0.44091 NA
N R| 0.96108 NA

15 .

Distance (cm)
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3.65

3.6

3.55

3.5

3.45

3.4

3.35

3.3
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_e_ L
Force vs Current 6.2cm
-0.2 0 0.2 0.4 0.6 0.8
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Force vs Current 9cm

26 ! ! ! ! ! !

-0.5 0 0.5 1 15 2 2.5
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Force vs Current 12
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Force vs Current 13cm
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Force vs Current 15.6cm
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Data 15
35 I 1 ! 1

———y=205.15 *x\(-2.2371) R=0.99922 :

y = m1/m0~ 2.25

1 1 Value Error
25 R | m1| 20652| 3116 2
| || cnisq|o.014766] NA

R 0.99872 NA

6 8 10 12 14 16
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NEODYMIUM MAGNET PROPERTIES:

—c—B
Radial Falloff
05 ‘ ‘ ‘ ‘
! [y = m1rexp(-m2*M0)-m4*exp(-m...
q:> Value Error
04 [-mmrmmrmrmrfrrnm s [ | e S EE— | E— |
: ml 1.4915 1.4283
| | m?2 124.47] 83672
03 b IR m3 53.143| 23.422 | .|
\ ; m4 1.0694 1.4283
| | Chisq| 0.0016324 NA
02 o oo R 0.99697 NAJ
= | | : : 1
2 | | | | |
L_/ 01 [T T% ””””””” ””””””” ””””””” r ””””””” ””””””” il
)

-0.2 -

03 i i i i i
-0.05 0 0.05 0.1 0.15 0.2 0.25

r (m)
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B (Tesla)

B (Tesla)

Height Data

1 ‘ ‘ 1 1
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N | | | |
\ .
0.001
0.0001
10° | | | | | |
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h (m)
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B (Tesla)
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Figure 17

Neodymium Magnetic Field (h=0 at surface, N+) in Tesla:

(e—124.5r _ .7170e—53.14r )
(5.589x10 +h?) "

B(r,h) =12.83x10°°
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SOLENOID PROPERTIES AT 4.5A:

B (Tesla)

0.1

0.01

0.001

0.0001

—o— B (Tesla)

1.2

4 5A B-Field
! ‘ ! ! ‘ ‘
3 § y = m1*(MO” 2+m2” 2)(-m3)
? Value Error
: \ : ml | 9.5242e-5| 1.5688e-5
a | m2 | 0.030463| 0.0013419
T A o m3 1.2321| 0.038881 [ |
Chisq| 6.2592e-7 NA
-0.2 0 0.2 0.4 0.6 0.8
h (m)
Falloff of solenoid at 4.5 A.

Vmax Min Nat Freq Width Guage Resistancs (Ohms)

12.339 0.00033763 4.1534

15.439 0.00026766 3.2906

19.358 0.00021238 2.6115

24.338 0.00016838 2.0736

30.618 0.00013357 1.6435
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10.000

11.000

12.000

13.000

14.000

3.0175

3.8063

4.7971

6.0507

7.6276
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38.558

48.594

61.244

77.195

97.317

122.67

154.69

195.04

0.00010592 1.3042 15.000

8.3978e-05 1.0323 16.000

6.6599¢-05 0.82084 17.000

5.2820e-05 0.64964 18.000

4.1890e-05 0.51552 19.000

3.3227e-05 0.40960 20.000

2.6348e-05 0.32481 21.000

2.0896e-05 0.25806 22.000
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9.6183

12.132

15.297

19.288

24.321

30.661

38.667

48.756
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DATA SHEETS:

Infrared LED
L2656 series

High power GaAlAs infrared LED

) Foutures _ ) Applications 4

#® High radiant cutput posesr & Cptical switch
& High relishility @ Automatiz control system

W Absoluls maximum ratings {Ta=25 °C
Parameter Syrmind Coondithon Valua

LLinit
Foraard current = a0 s
Haveras wolage Ve 5 v
Puze widih=10 pa
Pulse forward current == Dyt % 2 10 A
Operaing temperalune Tope -3 o +85 =
Sioeags Bmperaiuns Taig =40 o 41 00 * o

* Guaranised to resial lemperdure cyole esl of up o 5 cycles.

M Elactrical and optical charactenstics { Ta=25 *C

Peak emsmon wavelengh | Gp |F=50 mA 870 880 520 870 U0 920 nim
Spectral half width Ak |IF=50 mA - 50 - - 50 - nm
Forward wollage P - 1.45 16 - 1.45 1.6 W
Pulas forward vollage Wee (lFEt A - 34 4.0 - 34 4.0 W
Raverss currant B |vessw = - 5 < - 5 WA
Radiant ik 2 |l==50 ma 13 15 z 5 g9 . i
Radiant lluminancs Pz [l==80 mA - L7 - - 44 - | mwiene
Faa tima ¥ |=50mA 101090 % = 045 [ o7 g 045 | 0.7 T
Fall Img i =50 mA, 001010 % - 045 | 07 - 0.45 | 07 =
sc;'—',—'j'ﬁ' TR
HAMAMATSL
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W Emission spectrum W Radiant flux va. forward curant W Forward cument vs. forward voltage
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PHOTODIODE

Si PIN photodiode @ -
$3071, 53072, $3399, 3883~ o

Large area, high-speed 5i FIN photodiodes

93071, 33072, 333595 and 2388% are 31 PIN pholodicdes raving a relathoely ange actve area from 1.5 1o &£.0 mm yet they affer =xc=liznt
fraquency responsa fom 40 33 300 MEz. These pholodiodes ane sullabls for spafal Aght ransmission and high-speed pulsed Ight deteciion

# Aciive area size ® Spallal light ransmission
G307 420 mm @ High-speed puised light detection
G307 2: ¢3.0 mm
53399: ¢3.0 mm
S3E33 41.5 mm
& Cus-off frequency
53071 £0 MHZ (VR=24 W)
53072: 45 MHZ (WR=24 V)
53399; 100 MHz [VR=10 V|
S3E830 300 MHz [VR=20 V|

® Hign refiability- TO-5/8 metal package

B Seneral ratings f Absolute maximum ratings
= i Al:-s-:-lul:a ma:dmm'l rau B
'E‘Efmrm ik Alive Effective | Reverss Elorangs
Type Hio. Window = area slos | aclve arsa | voltage -:Ihanalpau-:-n vanal:u eraturE
VR Max. Tatg
rmataral *!
LALLLLLY [LLLILY imm? ] [""W:I 'I"'CJ S
53071 {8 1158 ToHS $5.0 19.6 B
F3T72 EVE $3 0 70
SaaEs WK TO-5 420 0 - 2l e
S3862 UK #1.5 1.7

B Electrical and cptical charactaristics (Typ. Ta=25 *C, unless otherwize noted)

speciral | peak | OO “;"Em“r’" gr";_::l Dak | Temp. | Cutatt | Tarminal
responss | sniiy (AN current | current Joesfcen requency| capactancs | on
Type M. range  Jeesagh i I af Io i Ct
] M| ap L:a nan mLm i e L Toiw |Ru=5002 | t=1 MHZ
{nmy | {nmj (pA) [ Typ. [Mae flinesrci] (MHzZ) {pFi [‘n"m-lx"‘;
sl 20ta 1060] o0 | o |0.47 | 054 |osef—T—25n10 ] e 20 L ool £ bl
ST 2 F | g : 6.5 |03~ . 45 7 e 17 BT
Saate BE_[0.1°]1.0 100 = P X TR
4"’53&53 20 b m[n]l B40 | 05 |045(058| 08 —F—rahn 112 g S T
= Window malenal K. borosiicats giass
2 V=20 W
3. =24 W
& V=10 W
. ...
HAMAMATSL 1
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B Speciral response

PHOTO SEHSITRITY (AMW)

Typ. Ta=35 52

4
. 51333, 53883
i
1 il 53771, 53072 2 %S
: Y
I 4
00 423 500 e0a 300

WANVELENGTH (nm)

M Cark current vs. reverse woltage

LIRREHNT

DAREKE &

REVERSE VOLTAGE [V

R

<A Wk .

B FPhoto sensitivity termperature characteristics
e TRl
#
-_. +1.0
L
0 33071, B30T
L I I
-1
o 05
o 33399, 3283
ale "0.
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# a R
=
L1
-0.5
200 400 oo 200 1003

WANVELENGTH (nm)

B Terminal capacitances ws. reverse voliage
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1l LU 7
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1 pF

ik 1 i 100
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Si PIN photodicde S3071, S3072, S3399, S3883

B Cimensicnal outlime {unit: mm)
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WNDOW 3 +E8£01 At o
F0LE £ O I @
H
[
-
POTOEENEITIVE —l' I
BURFACE =4
” .
+ 0dS 2=
LEAD I] |] e
E=
# 7.5+ 03 _
KOEX MARE LSO+ 02E
1.4
i 8
i 10 A 4-'/-’
[ 15 AR
= Trie glass wincow may sxtend &
e of 0.3 rm abores the ZAS o
Erp—a upper surface of The cap. “--T T Qlass wincow may exi=nd 5
L Ly ey e of [ mnm above fre:
oo upper surface of the cap.
FE AL \"'-. AT G
& 53300 3 53883
D 451 =03 aNDOw el 2= 0T
PS8 E0 h.r&u:]: & #+ 30N I ¢+ BI=0.2 o
| ] et
| - |
PHOTCRENSITRE —]- :"’;t proTORENETVE | LT -
SURFACE - BN ;
- o
S E[ A HIAE Z| o
[I [l = LEAD o
— I)0_=
4E0E=025
plE
CASE
—\gl The glzss window may evi=nd &
. rrangmram ol L2 mm atove e CAZE D
Gl e surdacs of Bi= cap .
oo
L
FRHATLA A LT
Faristed by iz ERH ] iz rewpara Bl i e o

HAMAMATSU

HAMAMATEL PHOTONICE BLE., Solid Stk Division
11251 ichino-cho, Hamamatsu CFy, £35-8558 Japan, Teiep

U B A Hemwrrese Coporel or: 300 Foctkll Foad, PO Boe BRID, D Egmentar, W2 385170000 LUGA | Telaphiona (1] B055-205 ] -DEE0

oubars mre oL bect o char e with oot ndice. Mo petes! - g sre graried 0 ey o Be croufs dencribed ecain. T000E Pler et Phaloniow €08

none: (81 1053434-33

P {152

2311, Faa (51) 053-43£-5134, hip wawsw. hamamatsu.oom
2-3134-128

Gatrany: ey Praolsrcs Desheyard Gmbit Scsterpetr 10, D-B2311 Hamicyap em Sevremes Gasmmny Teephare: (5] DE152-3750, Faa- (4] S8155- 7828

Fanos: Harsmehw Phdorics Frerce SAR L B Rue du Zed's Tiege, Parc du Moulia de Mearg, B1BET Masry Cadex, Frarce, Telaphoe 20 1] 65

23T 23, Fus: TH1 &3 52 70 1D

Uri=es] FlagZzm Harsmabw Phdories UK Limilles 2 Howesd Coerl 00 Tewin Road, & e Garden Ty Mlartiochk e 807 15 Uiniserd Elirigadam, 'Hl;'i:-“ LR TPCT-IR4EEE, P (dd) TTIT-EETET
He=h Curops: leramadw Prazeics hoZe A Smidewdper 12 GE-171 &1 Sdae, Oewsden, Toepbore: (835 B-225=077-00 Fax (45§ &308-231.29

Nty Hlarraratvg Facionicn el SR |- Sermce Snlle Mok, W F0000 Srean, (Milanc), ety Tebaphona: (25 T2008-81-723, Faz: () S3A35-21-TH

Cat. Mo, KFINTD44ED2
Mg ZOCL O



FPHOTODIDDE

Si phot

odiode

S2386 series

For visible to IR, general-purpose photometry

) Featuras

@ High sensitivity
& Low dark current

& Apalylical equipmant
& Oplical measurament squipment

63

® High reliability
# High linearity
W Ganaral ralings [ Absolule maamum afings
Aneoiule maEximum raings
nr&mﬂ Packags Active Effectiva Havaras Operaing Swrage
Typs Mo Wind area size active area violtage lemperature | lemperaiune
tarial * iR bax Togr Tatg
- (v} {imy {mim®) 4] [ 5] ')
523861 Tk -
B3R 1AL = TO-18 Li=11 12
B2386-5K 24x24 £7 ’
SzzEaan @ o5 3636 & ol Ve |
BI3HEA5K 39x 48 179
S2386-0K L TO-H 58x 58 a3
W BElecirical and opfical characienstics (Typ. Ta=25"C, unless oferwisa notad )
Spectral |Poak | Phots senaitivity lahort circull cm"‘ Temp. iz mermml:uum |
responss ey 5 current i o P fﬂFﬂcﬂuhl'IﬂE 4 -
Typa Mo el st 100 [EELAN ?L'E ll;':.i?:'t My vﬁt:w
: - GaP [HeNe| Gahs Man. k=10 ke
ip |LED |lasar | LED | M. | Tyo. i
{nen) | frm 0 o S e e () JwA | (o) fimes"CN () ] (o) MJE (WiH'™)
% 1= : 04 140 | 5 Jiooje.sx 1o
BI386-5K . 4.4 | 60 5 18 7an | 2 |s0[96x 1048
wﬂﬁ]h”ﬂﬂl G50 | 0G| 038 | 043 | 050 ' KR i 112 T 600 o5 PN B
BI3HEA5K 2 | 17 30 55 2300 0.3 i
S2IB6-HH XN |3 S 10 4300 |OL2RA0 21 = 100"
* Window matenal K borosiicals glass, L lens lype boroslicals dass
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Si photodiode S238B6 series

W Spectral response W Phato sensitivity temparature charactearistic
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W Cark current va, reverse voltage

DARE CURRENT

{Typ. Tam@s ‘Ch
1rl VP .
100 p SeaessK
10 ph
1ph
1A Szane-1 BR 2K 44K 4K e
10 m
am ol 1 10 100
REVERSE WOLTAGE (V)
L Lo gkl

W Shunt resistance vs. ambient temperatura

Vi1 i
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Si photodiode S2386 series

W Dimensional outlines (unit: mm}
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