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1
ELECTROMECHANICAL RELAY SYSTEM

This is a division of application Ser. No. 7/755,566, filed
Sep. 5, 1991, U.S. Pat. No. 5,218,196.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to photodetection systems and
related circuitry which, upon the occurrence of a specified
event, generate an output control signal. In particular, this
invention relates to a system of interrelated electrical, opti-
cal, and mechanical modules designed and deployed so as to
sense the intrusion of an opaque object into a controlled
space and upon such sensing to immediately initiate a
machine-stopping or machine-starting sequence. More par-
ticularly, this invention relates to improved light curtain
systems manifesting increased reliability and accuracy and
imperviousness to spurious signals. More particularly yet,
this invention relates to a microcontroller-based light curtain
system containing an integrated collection of improvements
over traditional light current systems. These improvements
include provisions for continual self-testing during opera-
tion—including self-monitoring for deliberately simulated
false events—as well as the means to react to detected
defects in a manner safeguarding those depending on the
safety switch nature of the light curtain.

2. Description of the Prior Art

A photodetection system—or “electric eye”—plays the
role of a switch. In general, it does not by itself cause things
to happen, but it generates a control signal that triggers other
mechanisms. When the system creates a planar light wall
over an extended plane—as opposed to a single narrow
beam of light—it is referred to as a “light curtain.” This type
of photodetection system is then an area light switch, since
it generates an output control signal whenever anything
opaque to the light penetrates the area defined by the light.

Although its use in stopping fast machinery is of rela-
tively recent origin, the basic electric eye has been used
throughout most of this century in one form or another. For
aminimal light curtain, all that is needed is an extended light
source directed toward an extended light detector, with the
latter wired so as to provide an output signal related to the
light flux incident on it. This minimal setup was sufficient for
thousands of different types of light-based control systems
developed during the past 60-70 years, control systems
ranging from the mundane (e.g., grocery store door-openers)
through the exotic (e.g., marking the passage of short-lived
elementary particles) to the critical (e.g., split-second deac-
tivation of fast machinery). For some of these applications—
and especially the last-mentioned—it is very important that
the control system give a positive response every single time
that the event-to-be-detected occurs and that it never give a
positive response in the absence of that event. Light curtain
applications demanding extreme speed coupled with great
dependability can be implemented only after many problems
have been resolved. These problems arise in part because it
is a balanced dependability which is sought; not only must
the light curtain switch always send out the appropriate
control signal when the triggering condition is present, but
it must never send out that signal when that condition is not
present. (It is fairly easy to deliver a circuit which will
always respond to the triggering condition, providing that no
difficulties arise when the circuit stops the machine occa-
sionally in the absence of the triggering condition. Similarly,
it is easy to deliver a circuit which will never generate a
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control signal in the absence of the triggering condition, but
at the cost of occasional failures to generate a control signal
when the triggering condition is present.) Bearing directly
on the dependability of the total system is the long-term
dependability of the output control device—typically an
electromechanical relay—which must always respond prop-
erly to the control signal generated by the front end of the
system. Finally, some self-correcting means must be built
into the light curtain switch so as to compensate for any
gradual drift or degradation which may occur in any of the
components, especially the light sources and detectors.

The present invention addresses the dependability
requirement and relates most directly to the safe operation of
machine-guarding light curtains comprising: 1) an array of
discrete photosources, each directing light onto a particular
member of 2) a matching array of discrete photodetectors
which are tied into 3) circuitry capable of producing a
contro] signal that opens 4) an output control device when-
ever the flux of photosource light incident on one of the
photodetectors decreases by more than some specific
amount. The output control device—most commonly an
electromechanical relay—is in turn part of a simple current
loop emanating from the machine to be controlled; the
interruption of that current loop initiates the machine’s
stopping mechanism. When viewed in this manner, it is clear
why the light curtain system (including the relay) is often
viewed as a “switch.” Such light curtains serve as switch
elements in control systems commonly used to halt (or,
sometimes, to activate) machinery when an opaque object—
e.g., a hand—moves between the photosource array and the
photodetector array. One speaks of such an object as “pen-
etrating the light curtain.” Although the present invention
will be seen to have applications wherever both sensing
speed and high dependability are at a premium, it is suffi-
cient for present purposes to describe it in the context of
prior art related to machine-guarding light curtains.

The speed with which a light curtain system initiates a
machine’s stopping sequence depends largely on the type of
components used, how quickly the circuit processes infor-
mation, and how quickly the relay opens upon receiving the
appropriate signal. With modern solid state devices, the
factor determining how quickly the relay receives its “open-
ing” signal is the method used to enhance system depend-
ability; error checks and system verification take time.
Ideally, however, that time should be much shorter than that
which the telay takes to open after receiving the signal, in
which case the overall response speed is still determined by
the relay’s speed.

DEPENDABILITY CONSIDERATIONS

A false positive is defined here as an output control signal
(a “time-out” signal) generated without any penetration of
the light curtain. A false negative is the failure of the output
control device to function even though the light curtain was
penetrated. (This may occur either because no output control
signal was generated or because the relay failed to open in
spite of receiving such a signal.) The reason for avoiding
false negatives is clear: the curtain penetration may be by a
hand on its way to the hazardous part of the guarded
machine. As a practical matter, it is also very important to
avoid false positives: an operator confronting a safety sys-
tem which shuts down production needlessly may well
deride to dispense entirely with the safety system, leaving
the machine unguarded. For analyzing light curtain reliabil-
ity, one can break the potential trouble areas into three
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categories: light problems, component failures, hardware
mismatch.

(a) Light problems in traditional systems

One source of both false positives and false negatives is
the light environment in which the light curtain is typically
used—factory seitings bathed in a variety of fluctuating
light: visible, infrared, ultraviolet. As a consequence, the
light incident on the photodetector array may be constantly
fluctuating even without an opaque object penetrating the
gap between it and the photosource array. (Strobed light
sources external to the system are particularly troublesome.)
Ideally, one wants to maximize the sensitivity of the pho-
todetectors and associated circuitry so that the system will
act on an extremely small decrease in incident light flux. The
fluctuating light extraneous to the light curtain’s photo-
sources can limit usable sensitivity; in order to avoid false
positives, the sensitivity of the system must be reduced if
there is fluctuating extraneous light incident which is within
the response range of the photodetectors. False negatives
can also arise from extraneous light. For example, just as a
hand penetrates the curtain, a fortuitous increase in incident
extraneous light may nullify the flux decrease at the detec-
tors which would otherwise occur and serve to trigger a
control signal.

Prior art attempts to solve the extraneous light problem
have included separate monitoring of ambient light, for the
purpose of electronically subtracting that light from the total
flux recorded by the photodetector during the period the
photodetector is normally illuminated by the photosource.
See, e.g., U.S. Pat. No. 4,749,853 (1988, Salim). This
approach does not seem practical in a situation where great
speed is needed and in which there is no “safe” part of the
machine cycle during which to measure and store the
ambient irradiation. Furthermore, it is only useful in elimi-
nating that extraneous light which is quasi-static; pulsed
extraneous light with pulse lengths shorter than the machine-
cycling period will still have the potential to cause false
negatives and false positives.

Other approaches involve “labelling” the source light by
one means or another. In U.S. Pat. No. 4,650,990 (1987, J
onssen) the emitted beams were pulsed so as to impress a
binary code on them. The photodetectors then could ignore
all light which did not display the proper code. This method
is quite clever but appears to involve logic circuitry which
slows the overall response time of the curtain excessively.
Furthermore, light pulses of long duration (23 ms per sensor
pair) are required for proper light source identification.

Another and simpler method of labelling involves ana-
logue modulation of the light source, usually with a sinu-
soidal amplitude modulation being superimposed on a
square wave signal. The modulation is the same for all
sources and the needed separation of the received signals is
obtained by activating only one source/detector pair at a
time. A multiplexer arrangement can then be imposed to
send the source signals to all of the sources, with each being
activated in turn. Similarly, a demultiplexer arrangement is
used to draw the detector signal from each detector in turn
for subsequent processing. The processing of the complex
electric signal generated by the incident light includes a
high-pass filter as well as phase-sensitive detection. This
provides a highly selective means of amplifying only that
component of the incident flux which comprised part of the
light curtain. Extraneous light still has the potential of
saturating the device used for detection. This means that it
may not be enough just to electronically separate it out from
the flux of interest. Therefore, as part of an additional means
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of reducing errors associated with ambient light sources,
some systems—including those of current applicants’—
utilize light outside the range of the most intense extraneous
sources, and then optically filter the light incident on the
photodetectors, so as to admit only light in the band emitted
by the photosources, typically the infrared band. See, for
example, U.S. Pat. No. 3,805,061 (De Missimy et al., 1974)
and U.S. Pat. No. 3,774,039 (Price, 1973).

Although there are many reasons for using an array of
discrete photosources and discrete photodetectors—instead
of a single large source and a single large detector (the usual
approach for simple “electric eye” controls)—one of the
main advantages of this approach is the increased sensitivity
to small changes in the light flux which it provides. As in
most incremental measurements, the greater the relative
change in the light, the easier it is to measure the change. A
hand penetrating a light curtain will block roughly the same
flux regardless of whether the total flux is detected by a
single large detector or by a plurality of smaller detectors
deployed across the flux path. However, since most of the
blocked flux will have been directed toward a localized
detection region, the use of a plurality of discrete detectors
will result in a much greater ratio A/, where ¢ is the initial
flux falling on a detector and A¢ is the change in flux due to
the blockage.

One of the problems introduced by the use of discrete
photodetectors is optical cross-talk, where light intended for
one detector will illuminate an adjacent detector—either
because of deflection or because of beam width—so as to
cause false negatives or false positives. Attempts to circum-
vent the light deflection problem have taken several forms,
all utilizing the fact that the plurality of photodetectors is
illuminated by a plurality of photosources, with a matching
of source/detector pairs. One such attempt is the digital
encoding scheme of Denton referred to above, in which each
photosource produces light with a unique digitally-encoded
signature, a signature which only can be detected by the
circuit of the matching photodetector. Another approach is to
activate only a single source/detector pair at a time. This
eliminates any possibility of light from the “wrong” photo-
source illuminating a particular detector. It also simplifies
the photosource and photodetector circuitry, since the signal
processing for all of the individual photosource units can be
done in series by one subcircuit, and similarly for the
photodetectors. On the other hand, this arrangement requires
circuitry capable of cycling through the entire plurality of
source/detector pairs in a time short with respect to the other
speed-limiting factors. Typical times characteristic of this
cycling are 200 usec per pair, so that an entire curtain
comprising eight source/detector pairs could be cycled
through in a little under 2 msec. This is considerably less
than the characteristic response times of the electromechani-
cal relays used to initiate machine-stopping mechanisms.

(b) Component failure in traditional systems

To varying degrees, components—electrical, electrome-
chanical, and optical—are subject to failure in every section
of the light curtain system. Several types of failure are
critical in that they can generate false negatives with no
warning. This was especially true with early system designs.
For example, the electromechanical relay typically consti-
tuting the output control device always falls eventually and
its failure mode consists of the contacts welding shut. When
this happens, the machine-stopping mechanism will not be
initiated upon the light curtain being penetrated, even
though everything else works perfectly and an output control
signal is generated and sent to the relay. The obvious
consequence is to leave a hazard zone unprotected, and
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