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[. INTRODUCTION cusing first on the fundamental physics, then on hardware
aspects of the general design, and finally on software and

Chaos is an important and fundamental aspect of contentypical experimental results. It may be noted that all systems
porary nonlinear physics. While numerical simulation of are provided with some form of direct computer interfacing
chaos is inexpensive and relatively straightforward, it is dif-for data acquisition. They all have adjustable controls that
ficult and time Consuming to construct physica] apparatu@”&ble the user to |nteraCtlve|y “find” yarlOUS motlons.. All
that actually demonstrates chaos quantitatively. Most instituPendulums are capable of both chaotic and nonchaotic mo-
tions must therefore resort to commercially available equiplion. As tested, each one cost over $1500.
ment. Yet these devices are fairly expensive for colleges to
purchase and, furthermore, catalog descriptions, by nature,
tend to emphasize the strongest features in a given desigh FUNDAMENTALS
and to highlight visually pleasing aspects in the illustrations. . . . .
As a consequence, there remain many questions. What phys-E2ch commercial package is capable of displaying on a
ics does the device actually model? How well does it mode omputer screen various graphs that characterize chaotic be-

the physics? Is it user friendly? Is it sturdy? Can students d avior. In this section we describe the types of displays that

a meaningful series of laboratory exercises with the penduf'-ire possible with one or more of the pendulums. Further

lum? For what level is a particular device suited? These ardiformation may be found in sourc)((aé referenced in the re-
some of the issues we raise in this paper. Source letter or from introductory textS.Examples of these

We have bench tested three commercially produced Chad__isplays are found in the figures associated with the discus-

. : . sjon of each apparatus.
otic pendulums and report the results as a service to physmsé . . .
educators. While similar in their purposes as experimental uﬁggoﬁ}efroTesaeﬂg\é\(%siﬁrrgeOf ddgfﬁgﬁl\/gﬂ;g&?s&_ﬂ is
chaos platforms, each is based on a slightly different para;3 b ° dynanm ’ ’
Free guantities that are functions of time. For the pendulum,

digm and in consequence each presents a slightly dlfferere ese quantities are the angular displacement of the pendu-

window on the chaotic world. Strengths and weaknesses . .
the design approaches are reviewed here. Since these unitd! 6, the angular velocityl 6/dt, and the phase of the sinu-

are moderately expensive, it is important to choose carefully©!da! forcingwt. The first two,¢ anddé/dt, are often rep-
the pendulum that best suits individual educational and pod€sented individually as separate functions of time. When

sible research needs. expressed as a sequence of equi-spaced val(resr) or
We are aware of four commercially produced chaotic pend#(nA7)/dt, these are referred to disne series
dulums. These are manufactured (iy alphabetical order The motion of a pendulum may also be graphically repre-

Daedalon Corp! Leybold?> Pasco Scientifié and TEL-  sented as an evolving orbit in a space whose coordinates are

Atomic, Inc? We contacted all four manufacturers with invi- the dynamical variables themselvesd6/dt, andwt; such
tations to participate in this project—all bueybold ulti-  a figure is known as ghase portrait Since a pendulum can
mately did so. have motion that is at least partially rotary, boundary condi-
One author(JAB) brings significant practical experience tions on the display of the anglé are made periodic, to
to the discussion as he is a codesignef the pendulum obviate the need for an infinitely long axis. Similarly, the
manufactured byDaedalon Testing of the apparatus was forcing phase axis typically has convenient periodic bound-
carried out in his laboratory at Wilfrid Laurier University. ary conditions necessitated by the fact that this variable in-
For the record, we acknowledge this special circumstancesludes time that, in principle, extends to infinity. For a pen-
As an assurance of evenhanded treatment for all participantgulum the periodicity of this axis is usually taken as the
each company was given the opportunity to read a prelimiforcing period of the pendulum. That is, the time coordinate
nary draft of this report and to suggest recommendations teeturns to zero every forcing period. Therefore, a small am-
that portion of the manuscript that dealt with their product. plitude periodic pendulum oscillation appears as a single
There exist various pendulums and other chaotic device®vist of a spiral in the full three-dimensional phase space.
whose designs have appeared in the literature but which afeor a chaotic pendulum, there are an infinite number of
not commercially available. The recent AJP resource lettetwist-like strands that lead to a complex picture, forming a
on nonlinear dynamics gives references to a whole variety o$o-calledstrange attractor Another common pictorial repre-
chaotic devices, many of which have been in this joufnal. sentation is produced when this three-dimensional phase por-
However, this article is directed at those who may have neitrait is projected along the time axis onto a plane and is
ther the time nor the facilities to construct the type of equip-therefore gohase plane diagranfor nonchaotic small am-
ment described in the literature and are therefore interesteglitude motion the spiral is compressed into an ellipse on the
in making an informed purchase of a pendulum. 6, d/dt phase plane. Chaotic motion produces a much more
For the most part we treat each pendulum separately, fozomplex phase plane diagram. Although determinism forbids
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orbits from crossingin the complete phase spacthey may
appear to cross in the projection onto the phase plane.

In order to simplify a possibly complex chaotic phase dia-
gram, Henri Poincaravented a diagram in which the phase
portrait is sectioned or cut at some appropriate periodic rate
For the case of a pendulum, the time axis, as noted abow
usually has coordinates that are periodic with the forcing
Repetition of sectioning or cuts perpendicular to the time
axis—at a particular moment in each forcing period—
produces a set of phase points all of which represent instar
taneous states of the motion sampled at the same point
successive forcing cycles. Then all such sections are supe
posed in a single figure. If the resultant figure has just one
point, then the motion is exactly periodic with the forcing. If
there are two points, the motion repeats itself after two forc:
ing periods and is callegeriod-2 and so on. If the motion is
chaotic, there are an infinite number of points, again forming
a strange attractor whose dimension is one less than the ¢
tractor of the complete phase portrait. This section is namec
after its inventor, &Poincaresection

Thereturn mapis a related presentation. In a return map,
successive values of a single dynamical variable, such &
angular velocity, are displayed. The horizontal axis is usec
for the nth value of the variable—for example, the angular
velocity—and the vertical axis is used for the+«k) value
of the same variable. If there akepoints in each forcing
period, then the return map gives information that is, in some @)
sense, equivalent to that of a Poincaextion. Typically, a
return map is simply first order, meaning ttka¢quals 1, and
the values are consecutive in the time series. In this case tt
interpretation of the map is less straightforward. Devices tha
use such return maps would need instructor interpretation ¢
at least careful discussion in the accompanying manua
However, when it is not convenient to obtain a Poincare
section, a return map may provide useful information abou
the motion. The usual application of return maps occurs
when the system does not have an obvious built-in periodic
ity. Different combinations of time series, phase plane dia-
grams, Poincarsections, and return maps are produced or
computer screens by the various commercial pendulums.

lll. THE DAEDALON PENDULUM

A. Physical principles

This device is an experimental realization of a simple
driven damped pendulum with sine wave applied torque. It
equation of motion is

d?¢  de _ _ (b)
I WH) aﬁtngsm 0=A sin(wt), (@8]
wherel is the moment of inertia of all rotating components, 719 dlll Daedalona) photograph of the pendulunib) schematic of the
b is the friction parametem is the mass of the bolg, is the penduium.
acceleration due to gravitR is the length of the pendulum,
A is the amplitude of the driving torque, and is its fre- B. Hardware

guency. Equatior(1) is a standard for the damped driven

pendulum’ For small amplitudes sifi=¢ and with this The Daedalon system is comprised of three hardware
modification, Eq.(1) is readily solvable and the motion has components: the pendulum itself, a control unit, and a cus-
the same form as a damped driven spring. Typical mathematem PC card. The pendulum is based on a published désign.
ics course treatments of second-order inhomogeneous diffeFigure Xa) and Xb) is a photograph and schematic diagram
ential equations discuss at least the linearized version of thisf the pendulum and additional illustrations of the apparatus
equatior’ may be found in th®aedaloncatalog. The pendulum bob is
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connected via a short rod to a hub on the system axle. At its
two ends this axle runs in low-friction bearings which are

clamped into V grooves of the support frame. Next to the
pendulum and rigidly fixed to the axle is an optical encoder
wheel, which is used for reading angular displacement. This 4+
thin metal foil disk has 1000 very fine slots etched around its j... "
outer rim. A companion sensor unit attached to the apparatu T
frame directs light through the moving slots, senses the

[CL-U] cL-L  sAVE  LoAp  PaTH  QuiT 6

poincare

chopped light beam, and converts it into appropriate digital /// \
signals which are then sent to the custom PC card. While th AN A

encoder wheel has 1000 slots, additional features in the P Tl
card circuitry and software result in a net angular resolution
of about=+0.05 deg.

Farther along is a movable copper plate whose adjustmen
by the micrometer varies its separation from a ring magnet.

The magnet induces both eddy-current damplng throth I'[Eig. 2. Daedalon: Screen display of experimental simple oscillating period-2

interaction with the copper plate, and torque through its in- =
teraction with two pairs of drive coils. Sinusoidal torque is

generated via “a kind of stripped-down brushless slotless

linear motor” (p. 1 of the manual.This design has the im- right of the screen. For Fig. 2 this is 1 and so the range is just
portant and necessary property that for any given dnv_e Sig¢— 77, ). A command bar appears across the top of the
nal, the resulting torque will not depend on the particulargereen, The CL-U and CL-L commands momentarily clear
angular orientation of the magnet with respect to coils. Thugjther of the two windows, the SAVE command initiates a
dc signals give dc torques and ac signals give ac torques. gaqye of up to 5000 data points from either window, the
The interface/control unit contains circuitry which gener-| oaD command retrieves previously saved data from a des-
ates a sinusoidal waveform of adjustable frequency and amgnated file, and the PATH command specifies the destina-
plitude. A digital display of the driving torque frequend® tion (or origin) of data. The files themselves are in ASCII

within 0.01 H.Z) is provided on the front par_1el. A cable run- format and consist of rows of three valuesd/dt, andW,
ning from this box to the pendulum delivers the torque-WhereW is the so-called winding numbefThe angle

producing signal to the drive coils. In addition, a user—lgiven in the file is adjusted to be in the range fremr to
supplied arbitrary torque waveform may be substituted fOThe winding number counts the number of multiples af 2

the internal sine wave; a back panel input connector is pro- ™ .
vided for this purpose. Also on the back panel is an outputVNich must be added to the givéito produce the unfolded

connector giving access to the drive waveform. This permit%‘ng.lef of tzef pen(#]JlurIT.T he t:c_me df%r (;,\ac_:htdatal tr]ipl7et ma;)y
a quantitative determinatiofwith the aid of a suitable exter- € inferred from the known fixed data interval ot 7 ms be-

nal scope or metgof the torque-voltage amplitude, a quan- tw_?_ﬁn readlnlgs._t . ssimple” d cal modes |
tity required for the calibration of the apparatus. € complexity of even ~simple " dynamical modes 1S

As noted above, damping is mechanically adjusted b'llustrated by the two different experimentally observed spin-

means of the micrometer. Repeatability in setting this spac':'ing period-2 states shown in Figs. 3 and 4. The integer 3 at

ing between the ring magnet and the eddy-current plate af_he bottom indicates that now the horizontal range is

lows for precise calibration of the damping coefficient, (~37,3m). Fully chaotic motion is indicated in Fig. 5. Note
which appears in Eql). the well-developed strange attractor in the Poinoeirelow.

The third component in the Daedalon system is a custom The laboratory manual that accompanies the Daedalon
card which must be installed in the host PC. Data from thedyStém describes five experiments in some detail. The first
optical encoder on the pendulum is passed via a cable to @rée permit the user to completely determine the physical
connector located at the rear of this card. A strobe signaparameters of the pendulum in terms of the range of settings
from a rear connector on the interface/control unit is alscPf the adjustable controls. In these preliminary experiments
passed to an input at the rear of the card; this is needed for
the generation of Poincasections. As described in Ref. 5,
autonomous data acquisition is performed by circuitry on the
card such that the angle is updated automatically every 7 ms.
The host computer can then read these data under suitablg
software control.

phase plane

[6L-U| cL-t sSAUE LOAD  PATH  QuiT 19

C. Software and experiments

The screen format for the Daedalon-supplied software
consists of a relatively large area devoted to the phase planeg|
and a smaller inset portion containing the Poinaaresen-
tation. Figure 2 shows the appearance of a typical screen|
display, which in this case features an oscillating period-2
mode. It is possible to set the horizontal range to any of
a specific set of possibilities: «(7,7), (—3w7,37),
(—5r,5m), etc. The appropriate factor appears at the bottomrig. 3. Daedalon: Screen display of experimental running period-2 orbit.

phase plane 3

823 Am. J. Phys., Vol. 66, No. 9, September 1998 Apparatus and Demonstration Notes 823



overcome by merging several files in a smooth fashion—the
merging needs to be done with user-written software.

The Daedalonpendulum originated as a research tool and
it can be used for advanced chaos studies. For example, it
was employed by various researchers to study control
- mechanisms for the chaotic penduldin.

cL-u  [BLTL) SAVE  LOAD  PATH  auIv

poincare

D. Device notes

The system is compact and sturdy, well suited for indi-
vidual use as opposed to lecture-hall demonstration. The
setup of the physical pendulum, computer card, and software
is quite straightforward. At this writing the price is $2000.

IV. THE PASCO PENDULUM

Fig. 4. Daedalon: Screen display of more complex experimental period-2A. Physical principles

orbit. . . .
' Figure Ga) shows the essential elements in the Pasco de-
sign. A metal disk of radiuR is free to rotate in a vertical

the user measures thwtural frequency of the pendulum, plane on Iow_friction be_arings. On the same shaft is a coaxial
constructs a graph showing the damping paramiteras puIIe_y of ra_ld|usr. A string yvound on the pulle_y is attgched

function of the micrometer setting, and calibrates the torqu@" €ither side to linear springs, one of which is then fixed to
in terms of an applied voltage. Once the calibrations aré anchor point while the other is attached to a drive unit
completed, the user has a fully characterized chaos tooWhich can move that end of the spring back and forth in a
These results are essential for subsequent quantitative corharmonic fashion. A magss is attached to the large disk at a

parisons of observed experimental data with the numericgboint which is directly above the suspension point under the
simulations of Eq.(1). The write-up for the fourth experi- condition of zero displacement of the free end of the left-
ment explains the correspondence of the pendulum with fanq spring. Clearly, this inverted point is not one of equi-

superconducting device called a Josephson junction with gy, and the mass will flip either to the left or rigkas
particular focus on their common property of hysteresis. Th%iepicted

fifth experiment studies the resonant response of the pend . . . .
lum at various values of the damping. The general tone of 1he equation of motion for this system is
the manual seems aimed at the upper undergraduate level. 42g e
The experiments could be done at a lower level but perhaps | — +b ——mgRsin 6+ 2kr?0=krA sin(wt), (2)
tr;]ey would b_edmost useful as part of a special project on dt dt
chaos or periodic motion. - P :

While tr?e experiments suggested in the laboratory manua\'f’herel 'S the tota[ moment of inertia O.f all rotatmg'compo-
are useful exercises in themselves, an important capability Jf€NtS:P is a velocity-dependent damping constantjs the
this pendulum is its ability to generate high quality data@dded mass, ankl is the spring constanA and w are the

which may be analyzed with the various algorithms availablé2MPplitude and frequency of the displacement applied to the
to chaos aficionados and researchers. For an introductof§ft-hand spring. The anglé is measured from thepright
treatment see Chap. 6 of Ref. 7 and, on a more profounyertical position. _ _

level, the book by Abarbanéf. One of the author$GLB) As already noted, in contrast to the simple pendulum of
used acquired time series data from this apparatus to te&d- (1) which has a single vertical downward stable equilib-
software for several prediction schemes. The limitation oflum position, this system hasvo stable equilibrium posi-

5000 points is sometimes problematic but can be somewha©ns on either side of the vertical—provided that the added
mass is sufficient(For a small mass, there is a single equi-

librium point at the upward vertical positionThe effect is

— similar to that of a double-well oscillator. Possible modes
o BEEE) ses row ram aun involve oscillations within either the left or right well, or
transitions from well to well. However, the configuration of
the attached springs prevents the pendulum’s mass from go-
ing through a complete revolution and therefore the system
does not exhibit the quasi-rotary modes of a pendulum
whose restoring force is only provided by gravity.

This design and the governing equation bear a close re-
semblance to a pendulum described by Becletral? in
that it is a combination of a torsion pendulum and simple
pendulum.

poincare

B. Hardware

phase plane The Pasco system consists of four principal components:
the disk—mass—pulley assembly, a “rotary motion sensor,”

Fig. 5. Daedalon: Screen display of chaotic pendulum motion. Note theWhiCh_ is an optical Shaf_t enCOde_r for monitoring the angqlar
strange attractor in the Poincareset. coordinated [both of which are visible in the photograph in
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(a)

(b)

Fig. 6. Pascofa) Essential elements of the pendulum including mass
inertia disk of radiuRR, pulley of radiusr, and two linear springs. The two
equilibrium positions are at angléson either side of the vertical symmetry
axis. (b) Photograph of the disk—mass—pulley assembly.

Fig. 6(b)], a dc motor, which is employed to generate the

required harmonic displacements to the free end of the

spring, and a model 700 interface box.
The frequency of the forcing term for this system is se-

lected by adjusting the dc voltage supplied to the motor from
an external source; the available range is approximately 2]

(0.1-1 H3. The amplitude of this forcing is set by a movable

mechanical arm on the motor shaft. Eddy-current damping is|ji_J®
set by moving a small permanent magnet toward the rotating

metal disk; this component is visible in Fig(kg.

Untitled.SWS [~]2

» )
oM Science Workshop~ 700 irterface  I1FXIT scn

ANALOG CHANNELS

-1
H
REC
D:

ata B R C@®
f) Click and drag this analog
@ :} plug to a channe

heat, light, force, sound, to
Sampling Options.

MEO § e @ ﬁg@

Digits Meter Scope FFT  Table Graph

Click and drag a dizplay won to a
channel ar sensorto dizplay data

Fig. 7. Pasco: Screen display of the interface unit front panel. The rotary
motion sensor has already been installed on digital channels 1 and 2.

rotary motion sensor is plugged into the front of the interface

box. The host PC must have an installed SCSI card. A SCSI
cable then connects the card to the rear of the interface box.
Angular velocity is computed by the software.

C. Software and experiments

Figure 7 shows the initial screen display for the interface
box. Activation of the rotary motion sensor is achieved by
simply clicking and dragging a plug icon to the desired input
channels, and then selecting the correct sensor from a pop-up
list. Data display and analysis is also invoked through click-
and-drag operations on the screen. Sampling rate is user se-
lectable, but we found 20 Hz to be optimum. This implies
that data are acquired at intervals of 50 ms.

Figure 8 shows a period-5 orbit obtained with the appara-
tus. This complex but regular motion involves oscillations
within and transfers between the two potential wells. A
phase plane depiction of chaotic behavior is shown in Fig. 9;
here the transfers between wells are irregular and unpredict-
able. Portions of the corresponding time series and data table
for this chaotic state are combined in the screen display of
Fig. 10. There is no provision for a Poincasection or a
return map.

Experiments suitable for this apparatus are described in
the Workshop Physics Activity Guidea comprehensive
manual for introductory physics experiments written by
Priscilla Laws'® The completeGuide may be purchased or

= Graph Display ]v | -

Run#2 @

Lngudar Veloch
2D

D@ |

1 {-) I ’ Run #2
® | Angular Pasition {rad)
s INEE|

Fig. 8. Pasco: Experimentally observed period-5 orbit involving transfers

The system is interconnected as follows. A cable from thevetween the two potential wells.
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Graph Display = on, displace the system slightly from equilibrium and let the
=] pendulum oscillate to a resting position. Fit the acquired data
with an exponentially decaying sinusoid which is the ana-
Iytic solution to the small amplitude equation of motion. Do-
ing this for several values of the magnet’s distance from the
disk should provide a calibration curve for (b) Remove
the spring and drive from the disk. Set the disk on its side so
that gravity is removed from the system. Now the equation
of motion is simply

d20+b do
deZ T dt

B ] ;53 I AR AL AR TR TR A If the system is given an initial push the angular velocity
® =

Angula?ggsmon (tad) JJ - @J decays a_S

OOE )
Angular Welacty (radfs)

| 0. (4)

de
Fig. 9. Pasco: Experimentally observed chaotic motion involving motions a =
within each potential well and transfers between them.

dg
dt

) ef(bll)t_ (5)
0

This curve is simpler than that developed in mettiadand

just Module 2, of which roughly 17 pages are devoted to acan serve as the basis for a calibration curvbe g distance.

variety of exercises that are designed to help the student )
understand the forces delineated in model equa@prithey ~ D. Device notes

also give some sense of the important physical parameters in the Pascopendulum seems to be well built and robust. It
oscillatory motion, and plot phase plane and time seriegs important to keep the string wrapped tightly around the
graphs. There is a nice exercise, using time series, that illugyy|ley so that there is no slippage. One may achieve this by
trates the chaotic property of sensitivity to initial conditions. {hreading a loop of the line into an existing small hole in the
While theGuideprovided detailed instructions for ten activi- pulley rim and securing it with a cross wire. Data files can
ties, we were unable to find model equati@ anywhere. haye lengths that exceed 25000 points depending on the
Per_haps this reflects the generally introductory nature of th%onfiguration used. In the high resolution mode the angular
Gu'?ﬁ h not f o theui hink th data are accurate to abotit0.25 deg.

Although not featured in thé&uide we think that more o oomnyter interfacing requires the user to have a SCSI
should be done with the possibilities of calibrating the SySyyaitace card installed in the PC. This is in contrast to the
tem. It would seem stralghtfor.ward to measure the nm@ass  T¢|.Atomic apparatus, which uses a serial port, and the
the radius of pulleyr, the radius of the wheeR, and the  paedalonapparatus, which uses a supplied custom interface.
radius of the motor armA. The spring constant could be The interface box provides an old-style SCSI connector plug
determined by noting that Eq2) yields for the static case and it should be noted that many SCSI cards use a newer
(zero time derivatives and no forcing high density connector plug.

The screen graphics are good and the data can be dis-
- —. ©) played in tabular format or transferred to a spreadsheet for
2r Oe analysis. Scales are given for the axes of all figures. How-

Hence measuring the equilibrium angular displacensent €Ver, positioning of. 'ghe angular digplacemenp sce}lg seems to
gives k. The forcing frequency could be measured if a depend on the position of the device at the time it is started.

second transducer were attached to the driver. Finally, one 1€ €quipment and software setup is fairly straightfor-
would like to make a calibration curve for the dampings ~ Wa'd: €xcept for knowing little tricks such as how to keep
a function of the distance of the magnet from the disk Thisthe. string tight around the puliey. Finally, as@e from th_e
could be achieved by either of two methods—similér tc)Gwdethere was no other manual so setup relies on the in-

. : : structor’s native ingenuity. The compleBascosystem cov-
those suggested in thgaedalonmanual.(@) With no drive ers many other experiments which, however, share various

common components—including the interface box. The sys-
tem has been designed to be both Windows and Mac com-

_ mgRsin 6

Table

R ,@@@;‘ pati_ble. Thus many Qf the parts.required for .this_ chaos_ ex-
C — Greph Display S| i e periment can, if (_jeswed, serve in other applications within
L3 g e {anocos i | svoeliaws | the Pascorepertoire. Some items, such as the low voltage
kS MR power supply may already be on the user’s shelf. However,

oy
Mot

B L the cost for all the parts necessary to do the experiments is
e 02 wee -7 089 0 D175 about $1600
i &0

03 7 15

E. Note added after manufacturer’s review

@@é SRR SO MSSUR 8 s In consideration of the manufacturer’s review of this
L5 O e nen manuscript, we add the following remarks. Our tests were

done using the “700" interface box supplied to us and pic-

Fig. 10. Pasco: Portion of experimental chaotic data displayed as a timtured in Fig. 7. The manUfaCtur_er notes that ChaQS experi-
series and in table format. ments can also be performed with a less expensive “500”
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HARDWARE INTERFACE MENU

endunfor e onnsoantiod,

1 ~ Phase Space Plot

2 - Position and Velocity vs Time

3 - Poincare’ Section

4 - Drive Cycle Timing relative to Velocity

5 - For FFT of Velocity, using #26, gen'l sin’s.

s
o
|n(20fpor,cieg

P -~ SIMULATIONS OF THE INTERFACED PENDULUM

o

R - RETURN TO MAIN MENU

Enter choice ('1’ - '5', ‘P’ ar ‘R")

Fig. 12. TEL-Atomic: Screen display of the opening hardware interface
menu.

TEL-Atomic pendulum has the most obvious “look” of a
pendulum. The pendulum arm slides through a hole in the
shaft and thus can have a length ranging from 1 to 9 in.
depending on where the screw clamp is tightened. The pen-
'dulum axle is in fact the shaft of an induction motor that is
housed inside the main module box.

The mechanism for sensing the pendulum motion is

unique. Two permanent magnets are mounted on a u-shaped

interface using the serial port, thus obviating the need for A : :
', .= _yoke such that they are positioned on either side of an alu-
SCSI card. However, the 500 interface has only two dlgltasr/ninum disk that is )r/nountF()ed on the motor shaft. The yoke is
inputs as needed for a single rotary sensor. We used an extﬁ j

>XH8elf fixed to a beryllium—copper cantilever beam. As the
set of ports on the 700 to measure the frequency of the drlVergendulum rotates, go does tﬁg aluminum disk. Differential

as well. Therefore use of the 500 box would require flndmgmOtion between the disk and the nearly stationary magnets

another way to measure the driver frequency. However, thg, j oq aqdy currents which in turn slightly deflect the can-
saving is considerable as the 500 interface is about $400 Ie?ﬁ’ever beam. As the beam flexes, a small metal plate or vane

than the 700 interface box. is caused to move between the plates of a capacitor. This
capacitor forms part of the bridge arrangement called a
V. THE TEL-ATOMIC PENDULUM “symmetric differential capacitor sensor{SDC). A special
i . purpose integrated circuifNE5521: LVDT signal condi-
A. Physical principles tionern located in the separate SDC control unit performs the
A photograph of theTEL-Atomicpendulum is shown in  bridge demodulation. Since the eddy current drag is propor-
Fig. 11. The equation of motion for this pendulum is similar tional to the velocity of the metal disk past the magnets, the
to that of theDaedalonpendulum except that the forcing is net effect is to measure the pendulum angular veloGisy
provided by a square wave rather than a sinusoidal torqu@pposed to the angle measurement of the Daedalon and

Fig. 11. TEL-Atomic: Photograph of the system including the pendulum
main drive and control box, and small SDC control unit.

The appropriate equation is Pasco pendulumsThe angular coordinate is then derived
2 electronically from the velocity by an op-amp integrator.
d’6  de _ , , . .
| — +b — +mgRsin = r.(t), (6) As mentioned above the applied torque is approximately a
dt dt B square wave rather than the usual sine wave. It is generated

where the parameters have the usual meaningsrarit) |n.the followlng manner. Standard 60-Hz ac power is sup-
refers to the square wave drivén this casem is total mass plied to the induction motor coils—one of which contains a
andR is an effective radius that includes positioning of the
bob and the arm of the penduluniwe know of no published
simulations of pendulums that are driven by square wave
torques so this design is unusual in that respect. However,
the motion is similar to a sine wave drive, in part because, as
indicated below, induction motors do not have constant
torque and therefore the drive is not likely to be a perfect
square wave. Consequently, the various figures produced by
this device are similar to those one finds for a sinusoidally
driven system.

Velocity

Displacement

B. Hardware

The system consists of two units: a large box from which
emerges a shaft which serves as the pendulum axle, and a
small so-called SDC control unit. As indicated in Fig. 11, the Fig. 13. TEL-Atomic: Screen display of experimental period-2 motion.
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Fig. 14. TEL-Atomic: Screen display of chaotic motion for the pendulum. | \/ 'l i

"press ‘¢’ to clear, ‘x% to exit

phase-shifting capacitor. The location of this capacitor deterrig. 15. TEL-Atomic: Screen display in Mode#2—position and velocity vs
mines the direction of rotation—clockwig€W) or counter-  time, in this case for chaotic motion.

clockwise (CCW). A 555 timer running at 50% duty cycle

drives a relay which is used to alternately swap the capacitor

between the coils and therefore to alternate the torque direc- Figure 14 shows a chaotic state of the pendulum. Figure
tion back and forth between CW and CCW. Timagnitude 15 shows the simultaneous display of portions of time series

of the torque is controlled by a variable resistor that is wiredof angular displacement and angular velocity for a chaotic
in series with the motor windings and thus sets the ac curstate. Figure 16 shows a display that is labeled as a Pdincare
rent. External controls for the 555 frequency and the variablgection, but is really a return map for a chaotic pendulum, as
resistor are provided on the front panel of the main unit.  described in the introductory discussion above. The axes are
It should be noted that the applied torque cannot match thRypeled although numerical scaling is not provided.
assumed ideal square waveform for two reasons. First, induc- The laboratory manual that accompanies TH&_-Atomic
tion motors do not actually generate constant torfued  pendulum is large, over 140 pages, and consists of three
there may be some residual ripple. Second, there will bgarts. The first part describes the physical pendulum and sug-
deviations from quasi-steady torque at times when the Shagests, in broad terms, the kinds of exercises one might do
angular velocity(pendulume) is near zero. _ with the pendulum. The second part describes the simula-
The main unit has two controls, one for the adjustment ofjons, and the third part is a series of appendices to the earlier
drive amplitude and the other for adjustment of frequencysections.
Because the aluminum disk and magnets have a fixed geom-The manual is unconventional both in style and content.
etry, the eddy current damping is also fixed. This means thats style is that of a conversation or tutorial with its author,
the parameteb cannot be adjusted independently. However,Randall Peters of Texas Technical University. The contents
by changing the length of the pendulum itself, the rdtidb  range broadly over the field of mechanical pendulums, a field
can be altered. This, of course, also affects the natural freo which Dr. Peters is a contributor. Particular attention is

gquency of the pendulum. given to the SDC sensing mechanism. Experiments are sug-
gested in outline rather than prescribed in detail. Calibration
C. Software and experiments of relevant physical parameters by the author is summarized

complete with numerical values, but the details of the meth-
%dology are left to the reader. It is important that the instruc-

two main optionshardwareand simulations The hardware Jor be sufficiently knowledgeable to guide students through
option shown in Fig. 12 supports the physical pendulum an

provides the kinds of graphics shown in previous figures.
The simulation menu lists over 40 simulations ranging—
alphabetically—from *“autocorrelation” to “zany root
finder,” and includes many of the popular chaotic systems.
One purpose of the simulations is to provide an introduction
to the kind of behavior exhibited by the “real” pendulum.
While the Tel-Atomic simulation software is unique, many
commercial packages dealing with the pendulum are als
available’® However, the purpose of this article is a com-
parison of real pendulums and therefore we do not discus
the simulation software further.

Figures 13 shows a screen display of the phase plane for
case of simple period-2 motion. Note the similarity to the
orbit shown for a sinusoidally driven system in Fig. 2. Note
also that the coordinate axes appear to be rotated from the
expected orientation. This deformation is an artifact of the
phase shift introduced by a “leaky” integrator used to elec-
tronically generate the phase coordin@térom the sensor g, 16. TEL-Atomic: Screen display of chaotic pendulum motion in
signal which is proportional to angular velocit\g/dt. Mode#3—Poincarsection.

"o POINCARE' SECTION:

' px}eﬁin-ds' \,vélb.city
o]

velocity

Press "¢’ to clear, ‘x’ to exit
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Table I. Summary of chaotic apparatus.

Pasco
Daedalon Double-well TEL-Atomic
Type Pendulum oscillator Pendulum
Excitation Sinusoidal Sinusoidal Square wave
Setup Some effort Some effort Simple
Construction Precision Very good Good
Physical Size Compact Medium Medium
Manual supplied Yes Can be purchased Yes
Expt. descriptions 5 expts. 10 “activities” Suggestions
Forcing freq. adj. Yes Yes Yes
Forcing ampl. adj. Yes Yes Yes
Damping ad;. Yes Yes Indirectly through
Calibrate Yes With modification To some extent
Quantitative meas. Yes Possible Mostly qualitative
Display time series With user software Yes Yes
Phase plane Yes Yes Yes
Poincaresection Yes No No
Return map With user software With user software Yes
Data acquired Angle Angle Angular velocity
Acquisition method Optical encoder Optical encoder SDC sensor
Data files Yes Yes No
# points in data file 5000 >25 000 NA
Sample time interval 7 ms Optimum at 50 ms 20 ms
Interface through Supplied card Needs SCSI card Serial port

Software

Parts

Price

Dedicated, DOS
All dedicated

$2000

Multipurpose,
Windows or Mac
Multipurpose

About $1600 as
tested, or $1200
with “500" Interface

Dedicated, DOS

SDC interface is
multipurpose
$1605

the necessary steps to carry out the suggested experimenis. Note added after manufacturer’s review
Since data cannot be saved in a file, there is no ability to do ) ) , ) )
analysis. Calibration of, for example, the damping constant N consideration of the manufacturer's review of this
by a curve fit is not possible. Nor can one look at data fromManuscript, we add the following remarks. We noted above
a single run in a variety of displays. This is a nontrivial that the system as tested has no capability for file saving. The
limitation because experimental chaotic data are sensitive tystem designer says that this can be remedied fairly easily
initial conditions and therefore not repeatable. Thus, this apand that future versions of the device will have a file-saving
paratus is, in contrast to the others, essentigllglitative capability. We also noted that the system does use approxi-
From the viewpoint of physics pedagogy the importantMate square wave forcing rather than sinusoidal. However,
feature of theTEL-Atomicpendulum is its ability to display the difference between theesults of these two types of
on screen(@) phase plane diagramé) time series for angu- waveforms may be I_ess than initially expe_cted. The c_Jomln_ant
lar position and velocity, antt) return maps. The pendulum Fourier component in the square wave _W|II be the smu_smdal
is comparatively large and hence more easily seen from g{j.ndamental: Higher frequency.harmonlcs are smaller inam-
distance than either the Daedalon or Pasco pendulumﬁ."tUde and also probably less important for the dynamics in

Therefore it seems best suited to the lecture/demonstratidh€ Parameter space that is of interest; that is, low frequency
format for a medium-sized class. forcing. In some sense the dynamics are not especially sen-

sitive to the higher frequency components.

D. Device notes
VI. CONCLUSION

The approach to motion sensing in this design is rather
unigue. Data acquisition occurs via the SDC control unit. These pendulums are all complex devices. They approach
The central feature is a mechanically variable capacitothe experimental task of exploring chaotic dynamics in
which is monitored within a capacitor bridge. The resultingunique and different ways. We present a summary of their
bridge offset voltage is proportional to the pendulum’s angusalient points in Table I. The final choice of a particular
lar velocity. The angle itself is generated by an electronicapparatus must depend on a number of factors, including
analog integrator. Data are acquired at the rate of 50 Hprojected use, price, and student level.
(20-ms intervalsand are transferred to the host PC through Finally, we would like to express our appreciation to all
a serial port. the manufacturers for their friendly cooperation and patience

The TEL-Atomicpendulum with the SDC unit required for in making equipment available for the purposes of this ar-
computer display costs $1605. ticle.
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