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Description

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Pro-
visional Patent Application Serial No. 61/406,414 filed
October 25,2010.

FIELD OF THE INVENTION

[0002] The present invention relates generally to meth-
ods and apparatus for driving solenoids, and more par-
ticularly to a configurable connectorized apparatus for
driving a solenoid coil.

BACKGROUND

[0003] Solenoids are widely used throughout the
world. Thus solenoids actuate relays or contactors that
apply power to the starter motor of most cars. Solenoids
actuate the lock mechanism in most keyless door sys-
tems. Most automatic valves, whether pneumatic or flu-
idic, employ solenoids to actuate or pilot the valve. So-
lenoids are found in factories, buildings, cars and homes.
[0004] Fig. 1 depicts a generic solenoid 10 showing its
principal constituent parts. The two leadwires, 2, convey
electrical current to the solenoid coil 3 which generates
a magnetic field. The magnetic circuit of said solenoid 10
includes the metal case 4 and the air gap 6. The armature
5 is influenced by the magnetic field and a force will at-
tempt to move or hold the armature 5 in the direction of
the hardstop 8. When said armature 5 contacts and re-
mains in contact with said hardstop 8, it is said to be
scaled. Various features are often added to said armature
5 such as the hole 7 in order to attach a mechanism to
the armature 5 and thereby complete the mechanical link-
age to the solenoid mechanism. Not shown is the return
mechanism, such as a spring, which tends to return said
solenoid 10 to its open position when electrical current
is removed from said solenoid 10.
[0005] Solenoids transduce the flow of electrical cur-
rent into motion via force on the moving portion of the
solenoid called the armature. The armature of a solenoid
may be connected to various mechanisms, thus in a re-
lay, the armature motion opens or closes electrical con-
tacts whereas in a solenoid-operated valve, the armature
is often directly connected to one side of a valve seal. In
larger valves, the solenoid operates a smaller so-called
pilot valve that employs some fluidic or pneumatic am-
plification, but the basic operation of the valve is initiated
by the solenoid action.
[0006] Therefore, solenoids are essential components
in a wide range of mechanisms that perform among other
things, electrical switching, latching, braking, clamping,
valving, diverting or connecting.
[0007] The most common method of actuating sole-
noids involves applying a constant voltage to the coil,
whether AC or DC. The voltage causes a current to flow

in the coil and a consequent magnetic field is generated
which puts force on the solenoid armature and moves
the mechanism to which the solenoid is attached. How-
ever, as described in detail below, there are significant
challenges associated with driving solenoids in an energy
efficient manner with circuitry that does not itself create
further problems.
[0008] Figs. 2-4 provide examples of circuits used for
driving solenoids. Fig. 2 depicts a common prior art tran-
sistor solenoid drive circuit including transistor 11 which
is capable of conducting electrical current in response to
a signal on its input. Said electrical current will flow
through solenoid 10. When said transistor 11 is caused
to stop conducting in response to a signal on its input, a
flyback diode 14 conducts electrical current in order to
prevent the inductive component of said solenoid 10 from
increasing the voltage seen by said transistor 11 and
possibly destroying said transistor 11. When the energy
in said solenoid 10 has been exhausted by the recircu-
lation process, said current ceases and said solenoid 10
is thus de-energized.
[0009] Fig. 3 depicts a solenoid driver integrated circuit
12 such as is commercially available from a number of
manufacturers and employing pulse width modulation
(PWM) of the supply voltage in order to reduce the hold-
ing current to the solenoid 10. Connected to said solenoid
driver 12 is said solenoid 10 as well as two of the com-
monly required external components, a flyback diode 14
and a series-connected diode 13 intended to both pre-
vent damage to said driver integrated circuit 12 and to
somewhat reduce electrical radiation from the PWM
switching transients. Said solenoid driver integrated cir-
cuit 12 is fixed configuration and cannot be reconfigured
for other purposes such as measuring or producing volt-
ages or currents other than required for the narrow so-
lenoid drive task at hand.
[0010] Fig. 4 depicts a typical prior art fixed configura-
tion sinking output module 17 capable of driving solenoid
10. As is typical for the prior art, said output module 17
does not provide power to drive said solenoid 10 but in-
stead relies upon connecting and disconnecting power
provided by external device power supply 18. In addition,
as is customary for said fixed-configuration output mod-
ules 17, terminal blocks 19 are employed to effect the
wiring to said solenoid 10. In addition, as is customary
for said output modules, a protective flyback diode 14 is
installed to reduce voltages produced by said solenoid
10 during the de-energization process.
[0011] As is widely known to those skilled in the art of
solenoid-driven mechanism design, there is a delicate
balance between providing sufficient solenoid force at a
desired distance of travel and generating excessive en-
ergy consumption and heating in the solenoid coil. The
amount of electrical current required to move the solenoid
to its closed position is high compared to the electrical
current required to keep the solenoid closed-or sealed
as is the term of art. Thus a solenoid that is to remain
sealed for a long period of time tends to become hot and
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consume a large amount of energy compared to what is
needed just to hold the solenoid sealed. The delicate
balance for the solenoid-driven mechanism designer is
to build a solenoid that will reliably move a given distance
to the sealed position while at the same time not con-
suming excessive electrical power or overheating de-
spite constant application of power to the solenoid coil.
[0012] This basic design challenge of the solenoid un-
derscores the problem that is to be solved by this inven-
tion, and therefore a more detailed description of the
cause of this design challenge is justified in order to ex-
plain the merits of this invention.
[0013] Whereas the solenoid transduces the flow of
electrical current to force on the armature, said force is
not a constant function of electrical current. When the
solenoid is sealed, there is essentially no air gap in the
magnetic circuit, thus the magnetic flux is relatively high
at a given electrical current. However, when the solenoid
is fully open, there exists an air gap in the magnetic circuit
that significantly increases the electrical reluctance of the
circuit, said reluctance being the ratio of magnetomotive
force (MMF) to magnetic flux developed. Thus at said
given electrical current, the force on the fully open arma-
ture can be significantly lower than when the armature
is in the sealed position. In order to move the armature
reliably, therefore, it is necessary to supply more electri-
cal current than is required when the solenoid is sealed.
To make matters worse, the requirement for high current
to seal the solenoid only lasts for a fraction of a second
whereas the solenoid is often left in its conducting, sealed
state indefinitely. Energy is being wasted.
[0014] Those skilled in the art long ago realized that,
for a given solenoid current, the force on the armature
increases as the armature moves closer to its sealed or
closed position because reluctance decreases with the
shorter air gap. These same persons reasoned that by
varying the current or voltage to the solenoid, they could
provide an initially higher force to seal the solenoid and
subsequently reduce the current or voltage in order to
hold the solenoid sealed because the force exerted upon
a sealed solenoid armature is much higher than the force
on an open solenoid given the same electrical current or
voltage. By employing this strategy of varying the current
or voltage, it is possible to reduce the heating of the so-
lenoid coil while providing the required high force to close
the solenoid.
[0015] In U. S. Patent No. 7,262,950 B2 ("Suzuki"),
Suzuki teaches that building a current control circuit can
allow cutting back the current to the relay coil after the
relay has closed. Unfortunately, the circuit of Suzuki re-
quires that a series-wired transistor throttle the current
to the relay coil thus creating heat and reducing the pos-
sible energy savings considerably. Thus Suzuki’s inven-
tion does somewhat reduce solenoid heating but by mov-
ing some of the heat generation to a transistor. For ex-
ample, if Suzuki reduced the holding solenoid current to
© or the initial pull-in current, then the system of Suzuki
would see solenoid energy use go down to ¨ of the pre-

vious level. Unfortunately, another ¨ of said energy is
burned up in ohmic losses in the transistor. In addition,
Suzuki does not mention a strategy for dealing with the
effect of the relay coil inductance during relay turn-off. It
is well understood in the art that employing a transistor
to remove power from an inductor will result in a large
voltage swing that in general must be mitigated by insert-
ing a path for current to flow thus avoiding a dangerous
increase in circuit voltage. Generally, a diode is employed
that will allow the relay coil current to circulate during
turn-off.
[0016] Others have attempted to avoid wasting half of
the energy reduction. Others have reasoned that employ-
ing pulse width modulation (PWM) of the solenoid voltage
could reduce the losses in the transistor via well-under-
stood power switching technology in which the transistor
is rapidly turned on and off, largely avoiding its linear
region. This strategy works well for inductive circuits
wherein little current initially flows during the closing of
the transistor. Fortunately, a solenoid is highly inductive,
thus PWM works well. Unfortunately, however, PWM can
easily generate disruptive electrical radiation unless spe-
cial care is taken. In an industrial control system appli-
cation it is almost unthinkable to place restrictions on the
user of a solenoid.
[0017] Then too, a class of integrated circuits, such as
Texas Instruments DRV102 PWM Valve/Solenoid Driv-
er, has aimed to produce a fixed and dedicated electrical
circuit capable of initially driving the solenoid with full volt-
age and consequently full current and subsequently re-
ducing said current by performing PWM of the power
signal to the solenoid. Unfortunately, said integrated cir-
cuits can produce undesirable electrical interference as
described earlier. For example, an application note for
the Texas Instruments DRV102 states, "The PWM
switching voltages and currents can cause electromag-
netic radiation." The note further suggests that determin-
ing the location of noise reducing components "may defy
logic", i.e. may be difficult to predict and require repetitive
empirical testing. In addition, such integrated circuits usu-
ally require the addition of a number of external compo-
nents and are fixed configuration: the connector to which
the solenoid is attached can only drive a solenoid. The
present invention as explained below provides additional
applications and flexibility that is not available using these
prior art devices.
[0018] The prior art has not adequately addressed a
significant design challenge in solenoid driving: how to
determine if a solenoid is sealed. A solenoid can fail to
reach or stay at its closed or sealed position upon the
application of electrical current for a number of reasons.
The solenoid may be jammed and unable to initially move
in either direction. The solenoid coil may be open or not
electrically continuous and therefore incapable of gener-
ating the required magnetic field. The solenoid coil may
be shorted. The solenoid may be exposed to vibration
that puts a sufficient force on the solenoid to unseal it.
Or, there could be a momentary loss of electrical current
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that results in the solenoid holding force being reduced
briefly. Or, the current applied to the solenoid coil might
be slightly less than required to reliably hold the solenoid
armature sealed under all physical variations such as
ambient temperature. The prior art only teaches a single
solution to this dilemma of determining the solenoid state,
and that is to cause the solenoid to close an electrical
connection when it is sealed. Fig. 5 depicts the prior art
apparatus for determining the state of the solenoid,
whether sealed or open. In this prior art system, the con-
troller 90 commands a solenoid coil 91 to close. After the
solenoid 91 has been given sufficient time to seal, the
controller 90 then senses the state of the auxiliary contact
92 which is mechanically linked to the solenoid mecha-
nism. Based upon the state of said auxiliary contact 92,
said controller 90 can deduce the state of the solenoid
91. However, if the solenoid 10 is not a relay, then said
solenoid 10 must be mechanically connected to said aux-
iliary contact 92, such connection being problematic and
costly. Even in the case where the solenoid is part of a
relay, this strategy requires using one set of contacts for
this monitoring process. Additional electrical circuits are
required to monitor this extra contact, and for systems
employing reduced holding current, the actuation se-
quence must be repeated. In the case where the solenoid
is not a part of a relay, then a set of contacts must be
added to the solenoid mechanism. This requirement is
prohibitive except for the most critical solenoid systems.
[0019] DE 100 03 531 A1 discloses a load switching
method.

SUMMARY OF THE INVENTION

[0020] According to an aspect of the present invention,
there is provided a method as in claim 1. According to
an aspect of the present invention, there is provided a
module as in claim 11.
[0021] Embodiments provide a configurable connec-
torized method and apparatus for driving a solenoid coil,
capable of providing a sufficiently high force to move the
solenoid from its fully open position to its sealed position.
It can also reduce the energy consumed and the heating
of the solenoid coil when the solenoid is sealed. The
present invention reduces the energy without continuous
losses from a series throttling transistor or resistor. The
invention facilitates detection of a solenoid coil which is
open or shorted, and can reduce the current on a solenoid
for which the armature is jammed in order to reduce the
consequential overheating of the coil. The present inven-
tion eliminates the requirement to use PWM as the drive
method, and handles coil turn-off behavior without the
need for additional components such as diodes. The
present invention simplifies connections to one or more
relays or solenoids without the requirement for external
power supplies. The present invention allows determina-
tion of whether a solenoid is sealed without the need for
auxiliary electrical contacts, and can use information
about the solenoid unsealed state to essentially instan-

taneously increase the force on the solenoid armature to
cause the armature to return to its sealed position before
the armature has moved significantly.
[0022] The present invention extends the teachings of
U. S. Patent Nos. 6,892,265, 7,216,191 and 7,822,896
and U. S. Patent Application No. 13/069,292, published
as Patent Appl. Publ. No. US 2011/0231176. In the pre-
vious inventions, a configurable connectorized system is
described in which any connector pin of such a system
may be configured for a wide variety of electrical func-
tions, such as measuring a voltage, producing a voltage,
measuring a current, producing a current, producing var-
ious power levels or even handling frequency information
such as serial communication data.
[0023] A single version product built using these teach-
ings has solved numerous industrial controls problems.
When compared with traditional industrial control in-
put/output modules, the configurable, connectorized in-
put/output module dramatically reduces the number of
additional components required such as power supplies
and terminal blocks. The configurable, connectorized in-
put/output system eliminates the need for many different
fixed-configuration modules by virtue of its ability to
change the electrical configuration of its connector pins.
[0024] The present invention enables the pin configu-
ration of the input/output module to be changed during
normal operation, thus if a solenoid is connected between
two such pins, the voltage across the solenoid may be
changed without any added components or without the
required use of PWM. Because the present invention en-
ables the pin configuration to be changed from one power
supply to another or varying the voltage level of any said
multiple power supplies, the invention allows high effi-
ciency power supplies to be used. Therefore, no throttling
or PWM is required to reduce the voltage across the so-
lenoid, although nothing precludes the use of PWM in
the present invention should it, for some reason, be de-
termined to be beneficial. In addition, the present inven-
tion also provides two ways to handle the inductive cur-
rent at turn-off. First, the configurable connectorized
module can throttle the current gradually while holding
the coil voltage within an acceptable level. Second, the
first of one of the solenoid’s two pins may be again recon-
figured to the same voltage as the second pin thus con-
necting both sides of the solenoid coil to the same power
supply, either high side or low side. In both ways, the
effect of the inductance of the coil during circuit turnoff
is addressed, and no additional components are required
to provide for safe circuit operation.
[0025] In addition, because the present invention pro-
vides for connecting other sensing and sourcing circuit
elements to the connector pin, it is possible to determine
whether the solenoid is sealed. Said determination is
based upon the fact that the electrical inductance of the
solenoid is inversely related to the electrical reluctance
and said reluctance decreases as the solenoid air gap
goes to zero. Said determination is achieved by imposing
either a periodic or step change to voltage across the
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solenoid and measuring the resulting periodic or step
change in current. Said resulting current is a function of
solenoid inductance. Or, alternatively, said determination
may be achieved by making either a step change or a
periodic change to the current through the solenoid and
measuring the resulting change in voltage, although the
preferred embodiment is the former method of determi-
nation. Said determination includes whether the solenoid
is sealed, opening or open. In addition, in the case where
the solenoid becomes unintentionally unsealed, the
method and apparatus of the present invention is capable
of essentially simultaneously increasing the solenoid cur-
rent to reseal the solenoid, thus preventing unintended
opening of the solenoid. Said resealing can be effected
without any additional apparatus than is found in the
present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026]

Fig. 1 is a depiction of a generic solenoid showing
its principal constituent parts.

Fig. 2 is a common prior art circuit apparatus for driv-
ing a solenoid coil, and in particular shows the re-
quired fly-back diode.

Fig. 3 is a common prior art circuit apparatus for driv-
ing a solenoid coil that uses pulse width modulation
(PWM) and in particular shows the required series-
wired diode as well as the additional fly-back diode.

Fig. 4 depicts a prior art circuit common to a pro-
grammable logic controller or industrial fixed-config-
uration output module.

Fig. 5 depicts the prior art apparatus for detecting
the unsealed state of a solenoid.

Fig. 6 depicts the configurable apparatus of the
present invention.

Fig. 7 depicts the connection of a relay or solenoid
coil to a configurable connectorized module of the
present invention.

Figs. 8A, 8B and 8C depict the command, voltage
and current wave forms, respectively, of the present
invention when actively snubbing the decaying so-
lenoid currents to zero.

Fig. 9A, 9B and 9C depict the command, voltage and
current wave forms, respectively, of the present in-
vention when allowing decaying solenoid currents to
flow to zero.

Fig. 10 depicts a model of the constituent resistive

and inductive components of the solenoid for the pur-
pose of describing the method and apparatus of the
present invention for determining the unsealed state
of a solenoid.

Figs. 11A, 11B, 11C and 11D depict the voltage and
current waveforms, employed to measure the induct-
ance of the solenoid and thereby determine the un-
sealed state of said solenoid, of the present inven-
tion.

Fig. 12A and 12B depict voltage and current wave-
forms for an alternative method of the present inven-
tion for solenoid state determination.

Fig. 13 is an example of an ASIC configured as a pin
driver interface apparatus, according to some em-
bodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0027] Fig. 6 depicts a functional block diagram of the
configurable connectorized input/output module 15 of the
present invention. Included inside said module 15 of the
preferred embodiment is a microprocessor 80 which is
capable of directing any of a plurality of signals to one or
more pins 16 which are subsequently to be connected
to various sensors and actuators such as solenoid, but
by no means limited to solenoids. In particular, said con-
figurable connectorized input/output module 15 contains
one or more power supplies 81 which may be routed in
the same manner as other of the plurality of signals via
switching means 82 such as R5 or R6 and connect to
one or more connector pins 16. When a solenoid is con-
nected between two such pins 16, the configurable con-
nectorized input/output module 15 can produce one of a
plurality of power levels to said solenoid thereby adjusting
the current flowing through the solenoid without the need
for PWM.
[0028] The configurable input/output module 15 may
contain any number of interconnection apparatus 83.
Each interconnection apparatus 83 is connected to one
device connector 16 and optionally through an internal
cross point switch to another interconnection apparatus.
(See FIG. 13 and related description.) FIG. 6 is highly
stylized and is intended to convey the essence of the
module of the present invention.
[0029] Fig. 7 depicts the configurable connectorized
input/output module 15 of the present invention when
connected to a solenoid 10. In this configuration, said
module 15 has been configured by the microprocessor
80 to route a plurality of power levels from power supplies
81 to pins 1 and 2 of said module 15. Any of the 15 pins
shown in Fig. 7 could have been configured for this func-
tion, unlike prior art fixed-configuration output modules.
Unlike the prior art fixed-configuration output module,
where an external device power supply was required,
none is required by the present invention and none is
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shown in Fig. 7. Also unlike the prior art fixed-configura-
tion output module where a flyback diode is required to
protect the output module, none is required by the present
invention and thus none is shown. The configurable, con-
nectorized input/output module 15 of the present inven-
tion is thus able to cause one of a plurality of voltages to
be applied to the connected solenoid 10 thus effecting
the goals of the present invention.
[0030] Figs. 8A, 8B and 8C depict the voltage and cur-
rent waveforms resulting from the actuation of the sole-
noid 10 using a snubbing turnoff method and apparatus,
and shown as Solenoid Drive Signal in Fig. 8A. There
are nine phases to the voltage waveform which we will
now describe. Each phase is numbered 21 through 29
in Fig. 8B.
[0031] In Phase 21, the solenoid voltage is zero which
is the idle state of the solenoid. The solenoid is unpow-
ered and ready to be actuated.
[0032] In Phase 22, in response to the solenoid drive
signal becoming true, 30, the configurable connectorized
input/output module 15 connects the actuation-level volt-
age to the solenoid 10. In this preferred embodiment,
said activation-level voltage is 24V. In response to the
imposed voltage, current in the solenoid coil rapidly in-
creases, 40, and the solenoid moves smartly because
the imposed voltage is preferably higher than the sus-
tainable steady state coil voltage. However by varying
the duration of phase 23, it is possible to control the so-
lenoid actuation force.
[0033] In Phase 23, the configurable connectorized in-
put/output module 15 maintains the pull-in-level voltage
on the solenoid coil and the coil current moves asymp-
totically to steady state, 41. The length of the Phase 23
portion is sized such that said solenoid current may not
reach steady state in order to control the solenoid actu-
ation force. At the end of phase 41, the solenoid is pref-
erentially in its closed or sealed position.
[0034] In Phase 24, the configurable connectorized in-
put/output module 15 essentially simultaneously discon-
nects the actuation-level voltage from the solenoid and
connects the sustain-level voltage to the solenoid. Alter-
natively, the voltage level of a single power supply can
be varied to achieve the same goal. The sustain-level
voltage is chosen to provide ample holding force for the
solenoid, whereas said sustain-level voltage might not
be sufficient to reliably pull in the solenoid under all con-
ditions. Said sustain-level voltage can preferentially be
adjusted by the microprocessor 80. As Phase 24 begins,
the solenoid coil current 42 begins to decrease in re-
sponse to the lower applied voltage. Said solenoid coil
current decreases to a steady state 43 after some time
period which is a function of the solenoid electrical char-
acteristics.
[0035] In Phase 25, the sustain-level voltage is main-
tained on the solenoid in order to keep the solenoid
sealed. Phase 25 is maintained as long as required by
the control system. This time can range from milliseconds
to months or longer.

[0036] In Phase 26, the process is begun to remove
power from the solenoid in response to the solenoid drive
signal becoming false, 31.. The configurable solenoid
drive circuit cannot simply open its drive transistors to
the solenoid because the inductance of the solenoid coil-
which makes rapid reduction in current infeasible-would
cause the voltage at the configurable connectorized in-
put/output module pin 16 to become very negative with
respect to ground and likely damage or destroy the
switching means 82. If the solenoid coil is equipped with
a so-called flyback diode, then said solenoid current is
provided a path while the coil energy is dissipated. If,
however, there is no flyback diode, then the coil voltage
will cross zero volts and become negative. The config-
urable connectorized input/output module 15 of the
present invention is therefore configured to begin to throt-
tle the coil current and clamp the coil voltage to a value,
which in the preferred embodiment is approximately -5V
with respect to ground.
[0037] In Phase 27, the throttling process continues
until the voltage that the coil is capable of sourcing falls
to less than the clamped voltage. During Phase 27, the
solenoid coil current 44 decreases linearly.
[0038] In Phase 28, the configurable connectorized in-
put/output module 15 stops actively throttling the sole-
noid coil current and instead provides a fixed transistor
gate drive thus dissipating the remaining energy from the
solenoid coil. The solenoid current, 45, decays exponen-
tially to zero during Phase 28, and the solenoid coil re-
turns to its idle state.
[0039] In Phase 29, the solenoid coil is in the same
state as it was in Phase 21: the coil is quiescent, the
solenoid is not engaged and the solenoid is again ready
to be actuated. The solenoid coil current, 46, is also zero.
[0040] With reference to Figs. 6 & 7, the interface ap-
paratus 84 may be configured to connect one of a plurality
of power supplies to the device connector 16 to which
the solenoid 10 is connected. For example, switching
means 82 can initially be caused to connect a 24VDC
power supply to said device connector 16 in order to
achieve the solenoid pull-in phase. Likewise, said inter-
face apparatus 84 may then be caused to connect a
5VDC power supply to said device connector 16 in order
to achieve the solenoid sustaining phase.
[0041] Figs. 9A, 9B and 9C are very similar to Figs.
8A, 8B and 8C with the exception that rather than throt-
tling the solenoid current, the two pins of the configurable
connectorized input/output module 15 which are con-
nected to the solenoid 10 are set to the same voltage,
either high-side or low-side. In so doing, the solenoid
current flows through said module 15 until the solenoid
current is exhausted. Thus phase 27 in Fig. 9B remains
at zero volts, not -5 volts as in Fig. 8B. And the current
in Fig. 9C decreases asymptotically to zero in phase 46.
[0042] In the context of the present invention, deter-
mining the state of the solenoid, whether sealed, opening
or fully open is achieved by measuring the inductance of
the solenoid coil, since said inductance is inversely pro-
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portional to reluctance which is itself a function of the
solenoid air gap: reluctance decreases as air gap de-
creases and then further decreases when the solenoid
fully seals and the air gap is essentially eliminated. The
present invention provides a number of methods and a
number of apparatuses to measure said inductance. Two
methods and two apparatuses will be described, but are
intended to be for illustrative purposes only. Simpler or
more appropriate methods using other features of the
present invention are possible but this description is in-
tended to convey the essence of the invention.
[0043] Fig. 10 depicts a common electrical circuit mod-
el used to describe the inductance measurement of the
present invention. Specifically, the solenoid 10 has been
broken down into two constituent parts. Its resistive com-
ponent 95 is series-connected to its inductive component
96. This model will facilitate the description of the induct-
ance measurement system.
[0044] Fig. 11A depicts the DC voltage across a sole-
noid. Said voltage may be any appropriate value greater
than or equal to zero volts. Fig. 11B depicts the resulting
DC current given the applied voltage depicted in Fig. 11A,
said resulting DC current being greater than or equal to
zero. Fig. 11C depicts a sinusoidal voltage signal of suit-
able frequency imposed upon the DC voltage signal of
Fig. 11A, said sinusoidal voltage being a sufficiently small
percentage of the DC voltage as not to affect the opera-
tion of the solenoid but sufficiently large to generate a
measurable current in said solenoid 10. Said sinusoidal
voltage signal is established by making small changes
to the voltage setpoint of any of the multiple power sup-
plies 81 connected to the configurable connectorized in-
put/output module 15 of the present invention. Said si-
nusoidal voltage signal will cause a variation in the DC
current signal of Fig. 11B that is also essentially sinusoi-
dal. Said variation in the DC current signal is shown in
Fig. 11D. The phase of the signal of Fig. 11D with respect
to the sinusoidal voltage signal of Fig 11C will be a func-
tion of the relative magnitudes of the two constituent el-
ements depicted in Fig. 10, the resistive 95 and inductive
96 components of said solenoid 10. Specifically, if the
resistive element 95 of Fig. 10 were to be large and the
inductive component 96 of Fig. 10 were to be small, then
the phase of the current signal of Fig. 11D with respect
to the voltage signal of Fig. 11C will be small and closer
to 0 degrees than 90 degrees. If, however, the resistive
component 95 of Fig. 10 were to be small and the induc-
tive component 96 of Fig. 10 were to be large, then the
phase of the current signal of Fig. 11D with respect to
the voltage signal of Fig. 11C will be large and closer to
90 degrees than 0 degrees. Using well known methods
of signal processing wherein quadrature components of
the current signal can be extracted, we can measure the
inductive component of the solenoid 10.
[0045] Alternative methods and apparatuses may be
used for the inductance measurements, such as periodic
square wave excitation rather than periodic sine wave
excitation with similar results and perhaps a simpler and

more effective embodiment. Furthermore, step changes
in voltage or current and the subsequent measurement
of the response in current or voltage can provide similar
inductance measurements in an embodiment that may
be more appropriate for the electronic circuits employed.
[0046] An alternative method for solenoid state deter-
mination relies upon observation of step responses rath-
er than the phase and magnitude of response to periodic
excitation. Fig. 12A depicts solenoid voltage for a typical
energization and de-energization sequence, with state
query pulses used to determine whether the solenoid is
sealed. The magnitude or polarity, and the duration of
these query pulses are designed to avoid altering the
state of the solenoid. Fig. 12B depicts the solenoid cur-
rent response to this sequence in Fig. 12A and its query
pulses. The three voltages imposed across the relay in
this method would, in a preferred embodiment, be the
same levels used for energization, holding, and de-en-
ergization, although this is not a critical aspect of the
present invention. This method will now be described in
detail, in the order of events or phases in the depicted
sequence.
[0047] Initially, the solenoid is de-energized, with zero
current and voltage. In that state, query pulses of suffi-
ciently small amplitude and duration can be applied to
produce the current response 50 without moving the so-
lenoid armature. By sampling said current response at
its known peak, at the end of the query pulse, the solenoid
inductance can be inferred with one sample provided the
query pulse duration is short in comparison to the L/R
time-constant of the solenoid in its sealed or unsealed
state, or in between states. As described previously, this
inductance indicates the solenoid state, an object of the
invention.
[0048] At some time, the solenoid is energized, pro-
ducing the current response 51 and one of the current
responses 52 or 53, depending upon whether the sole-
noid armature moves or not. Because the inductance can
be measured for the de-energized state, and because
responses 51 and 53 are both part of a simple, real ex-
ponential determined by that known inductance and the
resistance known by other means, this non-moving pin
response can be readily distinguished from the response
pair 51 and 52 which exhibit markedly different trajecto-
ries. This distinction may be made by sampling the cur-
rent at times along the response whose time-separation
is short in comparison to the L/R time-constant, permit-
ting a simple computation by microprocessor 80 to detect
the trajectory departure 52 from the simple, real expo-
nential, which departure indicates the desired motion of
the solenoid armature. This method represents an im-
provement over an earlier invention, U.S. Pat. No.
3,946,285, which relies upon detection of the cusp at the
end of response phase 52, because it does not rely upon
double differentiation or existence of the cusp which can
be softened or eliminated if the solenoid armature is not
abruptly stopped at the end of its energization travel.
[0049] After successful energization, the solenoid volt-
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age is reduced to its holding level, producing current re-
sponse 54, eventually settling to the low-power holding
current at the onset of current response 55.
[0050] During energization, query pulses are applied
at whatever rate is appropriate for the application, pro-
ducing current response 55. While this is similar to current
response 50, the current change relative to the step am-
plitude is smaller because of the much higher inductance
of the solenoid in its sealed state. Again, as for current
response 50, a single sample at the response 55 peak
can be used to infer solenoid inductance and hence its
sealed or unsealed state. Because the inductance in the
unsealed state is several times smaller than the sealed
state inductance, the amplitude of the current response
55, relative to its holding current baseline, readily distin-
guishes the solenoid states.
[0051] At some time, the solenoid is de-energized, pro-
ducing the current response 56 and one of the current
responses 57 or 58, depending upon whether the sole-
noid armature moves or not. These conditions can be
distinguished by the same criteria mentioned above for
detection of successful energization, except to detect
successful de-energization.
[0052] Finally, the de-energized starting state is
reached, with query pulses producing current response
59 at whatever rate is appropriate for the application.
[0053] It should be noted that the query pulses indicate
the solenoid armature position independently of whether
armature motion is detected by distinguishing current tra-
jectories. For many applications, the query pulses alone
would suffice to detect solenoid failures. However, the
motion detection provides an earlier indication of success
or failure, during a time when the query pulses cannot
be applied. Such earlier detection may be important in
applications where other system actions should soon fol-
low a solenoid state change, but only if that change oc-
curs as commanded.
[0054] Said measurement of inductance can be per-
formed constantly by the configurable, connectorized
system of the present invention. Because the measure-
ment does not affect operation of the solenoid, it is pref-
erable that the measurement be first made when the so-
lenoid is not energized with a DC voltage above zero.
Said first measurement is then used as the baseline in-
ductance of the solenoid.
[0055] While the solenoid is first commanded to seal
by the action of the configurable connectorized input/out-
put module 15, said measurement of inductance contin-
ues to be made. When the solenoid is sealed, the sealed
measured inductance will be higher than said first base-
line measurement of inductance because of the previ-
ously described electrical characteristics of a solenoid.
Said sealed measured inductance is stored by the mi-
croprocessor 80 of the configurable connectorized in-
put/output module 15 and is subsequently used to deter-
mine the state of the solenoid, whether sealed, opening
or open.
[0056] Said inductance measurement is continuously

performed during the time that the solenoid is intended
to remain sealed and during which time the solenoid volt-
age is at its lower holding level 25. If, for any reason, said
solenoid 10 becomes unsealed, its inductance will con-
sequently decrease. Said inductance measurement will
detect this decrease in inductance. Essentially simulta-
neously, the configurable connectorized input/output
module 15 will increase the solenoid voltage to its pull-
in value 23 in order to reseal the solenoid 10. In so doing,
the present invention can prevent the solenoid armature
5 from moving far enough to affect the mechanical state
of the mechanism to which the solenoid 10 is connected.
After the solenoid 10 is resealed, the configurable con-
nectorized input/output module 15 may then again lower
the applied solenoid voltage to the hold-in value 25 in
order to again reduce the energy consumed by the so-
lenoid 10. The method and apparatus of the present in-
vention may optionally slightly increase the applied so-
lenoid voltage to slightly increase the solenoid holding
force to compensate for the effect that led to the unsealing
of the solenoid.
[0057] The snubbing turnoff method as described with
reference to Figs. 8A-8C above, the variations described
with reference to Figs. 9A-9C, the method for determining
the state of a solenoid as described with reference to
Figs. 10 and 11A-11D and variations thereof may all be
implemented with the configurable, connectorized in-
put/output module of the present invention and a com-
puter program. The computer program may be stored in
memory in the module and executed by the microproc-
essor in the module. Alternatively, the program may be
stored externally to the module - in a control system for
example - and instructions are sent to the microprocessor
in the module for running the processes. In a further al-
ternative, computer programs for some of the processes
of the present invention may be stored in memory on the
module, and some external to the module - in memory
in the control system, for example. An example of a sys-
tem controller 85 connected to the module 15 is shown
in FIG. 7. The connection between the system controller
and the module may be a standard cable or a network
connection (for example, Ethernet). The connection may
be a backplane connector - for example, the module may
be plugged into the backplane of a PLC or an embedded
controller. The connection may also be a wireless con-
nection. Without departing from the teaching of the
present invention, a configurable, connectorized in-
put/output module may: act as a so-called embedded
controller; be a circuit board which is part of a larger sys-
tem; or function as the system controller by itself.
[0058] The interface apparatus 84, including intercon-
nection apparatus 83 such as those illustrated in Fig. 6,
may be configured as an integrated circuit (IC). The IC
is repeated within the I/O module 15 for each device con-
nector 16. Thus, if there are 25 device connectors 16,
then 25 ICs would be employed. The module 15 can con-
tain any number of ICs, just as any module may contain
any number of device connectors 16. Another embodi-
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ment may employ a different IC architecture in which mul-
tiple device connectors 16 are handled in each IC or mul-
tiple ICs are used to handle one or more device connec-
tors. The result of using an IC is a dramatic reduction in
the size and cost of building a module 15 by virtue of the
miniaturization afforded by modern semiconductor proc-
esses.
[0059] FIG. 13 is a block diagram of an integrated cir-
cuit capable of realizing the interface apparatus, 84. The
integrated circuit 198 has been specifically designed to
serve the role of the interconnection apparatus, thus it
may be referred to as an Application Specific Integrated
Circuit (ASIC). This ASIC is specifically designed to pro-
vide the functionality of the interconnection apparatus
83. At some point in the future, such an ASIC could be-
come a standard product from an integrated circuit ven-
dor. Therefore the term ASIC, as used herein, includes
a standard integrated circuit designed to function as the
interface apparatus. Furthermore, the term integrated cir-
cuit (IC), as it is used herein is intended to cover the
following range of devices: ASICs, hybrid ICs, low tem-
perature co-fired ceramic (LTCC) hybrid ICs, multi-chip
modules (MCMs) and system in a package (SiP) devices.
Hybrid ICs are miniaturized electronic circuits that pro-
vide the same functionality as a (monolithic) IC. MCMs
comprise at least two ICs; the interface apparatus of the
present invention may be realized by a MCM where the
required functionalities are divided between multiple ICs.
A SiP, also known as a Chip Stack MCM is a number of
ICs enclosed in a single package or module. A SiP can
be utilized in the current invention similarly to a MCM. In
theory, programmable logic devices might be used to re-
alize the interface apparatus of the present invention.
However, currently available programmable logic devic-
es, such as field programmable gate arrays (FPGAs),
have a number of functional limitations that make their
use undesirable - for example an FPGA cannot route
power or ground to a given pin. Should FPGAs be ex-
tended to overcome these functional limitations then
these improved FPGAs may be used as components to
realize the interface apparatus 84.
[0060] Fig. 13 depicts a block diagram of a pin driver
ASIC 198. When connected to the microprocessor 80 by
a serial communication bus 206 such as an SPI interface,
the microprocessor 80 of Figs. 6 & 7 can command the
ASIC 198 to perform the functions of the circuits of inter-
connection apparatus 83. Although the circuitry of Fig.
13 appears different from the interconnection apparatus
83, the ASIC 198 is capable of performing the same or
similar required functions. Whereas Fig. 6 is a somewhat
idealized diagram intended to convey the essence of the
module of the invention, Fig. 13 contains more of the
circuit elements that one would place inside an ASIC.
Nonetheless, Fig. 13 implements all the circuit elements
of Fig. 6. For example, Fig. 6 shows a digital-to-analog
converter (D/A or DAC) connectable to the device com-
munication connector 16. In Fig. 13, the digital-to-analog
converter 226 is connected to the output pin 208 via the

switch 220. The present invention also includes other
circuit arrangements for an ASIC 198 for the same or
similar purpose. Those skilled in the art will know how to
design various such circuitry, and these are to be includ-
ed in the present invention.
[0061] Exemplary features of the ASIC of Fig. 13 will
now be briefly described. Power may be applied to pin
208 by closing high current switch 222b and setting the
supply selector 227 to any of the available power supply
voltages such as 24-volts, 12-volts, 5-volts, ground or
negative 12-volts. Said available power supply voltages
provide the required pull-in and sustaining voltage levels
to drive the solenoid.
[0062] The ASIC can measure the voltage on pin 208
by closing the low current switch 222 and reading the
voltage converted by the analog-to-digital converter 216.
[0063] The ASIC can measure the current supplied to
pin 208 by way of the high current switch 222b by use of
the multiple programmable current limiters 224 which
contain current measurement apparatuses. Said current
measurement is used to determine the solenoid induct-
ance as well as to determine whether said solenoid coil
is shorted or open.
[0064] The periodic variation in voltage to the solenoid
which is used to determine solenoid inductance is most
easily accomplished by slightly varying the voltage of the
plurality of power supplies 81, said appropriate power
supply being selected by supply selector 227. The step
change in voltage to the solenoid which is used to deter-
mine solenoid inductance is most easily accomplished
by momentarily changing the supply selector 227 to in-
crease or decrease the solenoid voltage in order to in-
crease or decrease the solenoid current in order to effect
the measurement of solenoid inductance.
[0065] ASIC 198 has the ability to measure the amount
of current flowing in or out of the node 208 labeled "Pin"
in Fig. 13. The pin driver circuit 198 in this case uses its
A/D converter 216 to measure current flowing into or out
of the pin node 208, thereby enabling the detection of
excessive current, or detecting whether a device con-
nected to the Pin node 208 is functioning or wired cor-
rectly.
[0066] ASIC 198 also has the ability to monitor the cur-
rent flow into and out of the pin node 208 to unilaterally
disconnect the circuit 198, thereby protecting the ASIC
198 from damage from short circuits or other potentially
damaging conditions. The ASIC 198 employs a so-called
"abuse detect circuit" 218 to monitor rapid changes in
current that could potentially damage the ASIC 198. Low
current switches 220, 221 and 222 and high current
switch 222b respond to the abuse detect circuit 218 to
disconnect the pin 208.
[0067] The ASIC 198 abuse detect circuit 218 has the
ability to establish a current limit for the pin 208, the cur-
rent limit being programmatically set by the microproc-
essor 80. This is indicated by selections 224.
[0068] The ASIC 198 can measure the voltage at the
pin node 208 in order to allow the microprocessor 80 to
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determine the state of a digital input connected to the pin
node. The threshold of a digital input can thereby be pro-
grammed rather than being fixed in hardware. The
threshold of the digital input is set by the microprocessor
80 using the digital-to-analog converter 226. The output
of the digital-to-analog converter 226 is applied to one
side of a latching comparator 225. The other input to the
latching comparator 225 is routed from the pin 208 and
represents the digital input. Therefore, when the voltage
of the digital input on the pin 208 crosses the threshold
set by the digital-to-analog converter, the microprocessor
80 is able to determine the change in the input and thus
deduce that the digital input has changed state.
[0069] The ASIC 198 can measure a current signal pre-
sented at the pin node, the current signal being produced
by various industrial control devices. The ASIC 198 can
measure signals varying over the standard 4-20mA and
0-20mA ranges. This current measurement means is ac-
complished by the microprocessor 80 as it causes the
selectable gain voltage buffer 231 to produce a conven-
ient voltage such as zero volts at its output terminal. At
the same time, the microprocessor 80 causes the se-
lectable source resistor 228 to present a resistance to
the path of current from the industrial control device and
its current output. This current enters the ASIC 198 via
the pin 208. The imposed voltage on one side of a known
resistance will cause the unknown current from the ex-
ternal device to produce a voltage on the pin 208 which
is then measured via the analog-to-digital converter 216
through the low current switch 222. The microprocessor
80 uses Ohm’s Law to solve for the unknown current
being generated by the industrial control device.
[0070] The ASIC 198 includes functions as described
above in reference to the interface apparatus 84. For
example, an ASIC 198 can include an interconnection
apparatus 83 including a digital-to-analog converter 226,
wherein the microprocessor 80 is programmable to direct
the reception of a digital signal from the microprocessor
80 and cause the signal to be converted by the digital-
to-analog converter 226 to an analog signal, and to place
a copy of the analog signal on the pin 208. See FIGS. 6
and 13.
[0071] The ASIC 198 can also include an interconnec-
tion apparatus 83 including an analog-to-digital converter
216, and wherein the microprocessor 80 is programma-
ble to detect an analog signal on any selected contact
16 and cause the analog-to-digital converter 216 to con-
vert the signal to a digital signal and output a copy of the
digital signal to the microprocessor 80.
[0072] The ASIC 198 can also include a supply selector
227, and a high current switch 222b positioned between
the selector 227 and the pin 208. The microprocessor 80
is programmable to operate a supply selector 227 to
cause a power supply voltage to be connected to a first
contact 16, and to cause a power supply return to be
connected to a second contact 16.
[0073] Referring to FIG. 13, there is a 2x8 cross-point
switch 210, that serves to connect a sensor to two adja-

cent pins 208 which are in turn connected to two adjacent
device communication connectors 16. The cross-point
switch 210 allows a sensor such as a thermocouple to
be connected to a precision differential amplifier 212. The
precision differential amplifier 212 may be connected via
the low current switch 222 and the 2x8 cross-point switch
210 to the 4-way cross-point I/O 214 and then to another
4-way cross-point I/O 214 on an adjacent integrated cir-
cuit 19 (the integrated circuit for an adjacent contact 16).
[0074] Other enhancements of the present invention
include the ability of the module 15 to perform independ-
ent control of devices connected to the module 15. If, for
example, a solenoid is connected to the module 15, then
the microprocessor 80 can perform the required periodic
or continuous measurement of inductance by causing
the solenoid voltage to slightly vary and then measure
the resulting current using the current measurement ap-
paratuses in the programmable current limiters 224. In
addition, said microprocessor 80 can perform the re-
quired steps to shut down the solenoid by throttling or
recirculating the current. The module 15 can thereby per-
form all the functions required to actuate a solenoid and
verify its state, whether sealed or open.
[0075] Referring to FIGS. 6 & 7, the microprocessor
80 is generally configured/programmed by a controller
85 to receive instruction from the controller as required
to sense a particular state of a selected device such as
solenoid inductance and/or actuate a selected device,
such as solenoid 10, and provide the corresponding data
to the system controller. The microprocessor 80 may also
be programmed/directed by the controller to cause a par-
ticular signal to be applied to any selected one or more
contacts 16. In addition, the microprocessor 80 is pro-
grammed to respond to direction to send a selected signal
type from one or more of devices to the system controller.
In other words, the microprocessor controls the configu-
ration of the interface apparatus 84 and generally the
microprocessor is controlled by the system controller. Al-
ternatively, the interface apparatus can be configured in
response to a message stored in the memory of the mi-
croprocessor 80 of the module 15.
[0076] In some embodiments, the microprocessor 80
has an embedded web server. A personal computer may
be connected to the module 15 using an Ethernet cable
or a wireless communication device and then to the In-
ternet. Here the personal computer may also be a system
controller. The embedded web server provides configu-
ration pages for each device connected to the module
15. The user then uses a mouse, or other keyboard in-
puts, to configure the device function and assign in-
put/output pins. The user may simply drag and drop icons
on the configuration page to determine a specific inter-
connection apparatus for each of the contacts. In other
embodiments, the microprocessor 80 uses a network
connection to access a server on the Internet and receive
from said server instructions to determine a specific in-
terconnection apparatus for each of the contacts.
[0077] As an example of the operation of the module
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15, the microprocessor 80 may be programmed to rec-
ognize particular input data, included for example in an
Ethernet packet on a network cable connected to said
microprocessor containing instructions to actuate a par-
ticular solenoid connected to said module 15.
[0078] The circuit switching apparatus (R1-R12) are
shown diagrammatically as electromechanical relays. In
one embodiment, this switching apparatus is realized in
a semiconductor circuit. (See FIG. 13 and related de-
scription.) A semiconductor circuit can be realized far less
expensively and can act faster than an electromechanical
relay circuit. An electromechanical relay is used in order
to show the essence of the invention.
[0079] While certain representative embodiments and
details have been shown for purposes of illustrating the
invention, it will be apparent to those skilled in the art that
various changes in the methods and apparatus disclosed
herein may be made without departing from the scope
of the invention which is defined in the appended claims.

Claims

1. A method for operating a plurality of solenoids using
a configurable connectorized input/output module
(15) electrically connected to the coils of said sole-
noids, comprising the steps of:

(a) in response to a solenoid drive signal becom-
ing true, connecting an actuation voltage and
establishing an actuation current to the coil by
said module (15), wherein said actuation voltage
and actuation current cause said solenoid to
close or seal;
(b) on closing or sealing said solenoid, changing
to a sustain voltage and sustain current on the
coil by said module (15), said sustain voltage or
sustain current being less than said actuation
voltage or actuation current and keeping said
solenoid in a closed or sealed position; and
(c) maintaining said sustain voltage and sustain
current by said module (15);

wherein said module (15) includes:

(i) a device communication connector apparatus
for connecting at least one conductor between
said module and each of said solenoids,
(ii) an interface apparatus (84) for causing said
module (15) to place any of a plurality of signals
on any of a plurality of contacts (16) of said de-
vice communication connector apparatus,
(iii) at least one power supply (81) for directing
power to said solenoids, and
(iv) a microprocessor (80) for causing said mod-
ule (15) to place any of a plurality of signals on
any of a plurality of contacts (16) of said device
communication connector apparatus;

wherein any contact (16) of said device commu-
nication apparatus may be configured for a wide
variety of electrical functions, including measur-
ing a voltage, producing a voltage, measuring a
current, producing a current, producing various
power levels and even handling frequency infor-
mation such as serial communication data.

2. The method of claim 1, wherein said changing in-
cludes:

disconnecting said actuation voltage and actu-
ation current from said solenoid and connecting
said sustain voltage and sustain current to said
solenoid by said module (15); or
changing the voltage or current level of a single
power supply.

3. The method of claim 1, wherein the sustain voltage
or sustain current is less than fifty percent of the ac-
tuation voltage or actuation current.

4. The method of claim 1, further comprising removing
power from said solenoid when said solenoid drive
signal becomes false;
the method preferably further comprising throttling
the coil current and clamping the coil voltage with
the module (15);
wherein said throttling preferably continues until the
voltage that said coil is capable of sourcing falls to
less than the clamped voltage;
the method preferably further comprising, after said
throttling, connecting said coil to a fixed transistor
drive by said module to dissipate remaining energy
from said coil.

5. The method of claim 1, further comprising removing
power from said solenoid when said solenoid drive
signal becomes false; wherein said module (15) pro-
vides a conductive path for dissipating energy from
said coil by connecting both sides of said solenoid
to the same power source, either high-side or low-
side.

6. The method of claim 1, further comprising determin-
ing the state of said solenoid by said module (15),
wherein said state includes a range of states from
open to closed or sealed.

7. The method of claim 6, wherein said determining in-
cludes measuring the inductance of the coil by said
module (15).

8. The method of claim 7, wherein:

said determining includes measuring the induct-
ance when said solenoid is open, measuring the
inductance when said solenoid is closed or
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sealed, and storing the measurements in a
memory of a microprocessor of said module
(15);
said measuring is continuous or periodic;
said measuring includes applying a sinusoidal
voltage signal to said coil by said module (15)
and measuring by said module (15) the relative
magnitude and relative phase of the coil current
in reaction to the applied sinusoidal voltage;
said measuring includes applying a square
wave voltage signal to said coil by said module
(15) and measuring by said module (15) the rel-
ative magnitude and relative phase of the coil
current in reaction to the applied square wave
voltage; or
said measuring includes applying a series of
pulses to said coil by said module, measuring
by said module the step responses over time of
the coil current in reaction to the applied voltage
pulses, and computing said inductance from
said step responses.

9. The method of claim 6, further comprising continu-
ously or periodically determining said state of said
solenoid when said solenoid drive signal is true or
false;
the method preferably further comprising, if said so-
lenoid is determined not to be closed or sealed, re-
peating said connecting, maintaining said actuation
voltage and actuation current, changing, and main-
taining said sustain voltage and current;
wherein said sustain voltage or sustain current is
preferably increased during said repeating.

10. The method of claim 1, wherein said interface appa-
ratus (84) includes at least one integrated circuit pro-
viding a selectable interconnection apparatus to a
particular one of said contacts; wherein said integrat-
ed circuit is preferably an ASIC.

11. An configurable connectorized input/output module
(15) for operating a plurality of solenoids, said mod-
ule (15) comprising:

(i) a device communication connector apparatus
for connecting at least one conductor between
said module and each of said solenoids;
(ii) an interface apparatus (84) for causing said
module (15) to place any of a plurality of signals
on any of a plurality of contacts (16) of said de-
vice communication connector apparatus,
(iii) at least one power supply for directing power
to said solenoids, and
(iv) a memory for storing a computer program
and a processor (80) for executing said program,
said program causing said processor to:

(a) in response to a solenoid drive signal

becoming true, connect an actuation volt-
age and establish an actuation current to
the coil by said module, wherein said actu-
ation voltage and actuation current cause
said solenoid to close or seal;
(b) on closing or sealing said solenoid,
change to a sustain voltage and sustain cur-
rent on the coil by said module, said sustain
voltage or sustain current being less than
said actuation voltage or actuation current
and keeping said solenoid in a closed or
sealed position; and
(c) maintain said sustain voltage and sus-
tain current by said module;

wherein any contact (16) of said device commu-
nication apparatus may be configured for a wide
variety of electrical functions, including measur-
ing a voltage, producing a voltage, measuring a
current, producing a current, producing various
power levels and even handling frequency infor-
mation such as serial communication data.

12. The module of claim 11, wherein said program caus-
es said processor to measure the inductance of the
coil by said module (15) for determining the state of
said solenoid, said state including a range of states
from open to closed or sealed.

Patentansprüche

1. Verfahren zum Betreiben mehrerer Solenoide unter
der Verwendung eines konfigurierbaren konfektio-
nierten Eingabe-/Ausgabe-Moduls (15), das mit den
Spulen der Solenoide elektrisch verbunden ist, auf-
weisend die folgenden Schritte:

a) in Reaktion darauf, dass ein Solenoid-An-
steuerungssignal wahr wird, Anlegen einer Be-
tätigungsspannung und Aufbauen eines Betäti-
gungsstroms an die Spule durch das Modul (15),
wobei die Betätigungsspannung und der Betä-
tigungsstrom dazu führen, dass das Solenoid
schließt oder dichtet;
b) nach dem Schließen oder Dichten des Sole-
noids, Ändern auf eine Haltespannung und ei-
nen Haltestrom an der Spule durch das Modul
(15), wobei die Haltespannung oder der Halte-
strom kleiner als die Betätigungsspannung bzw.
der Betätigungsstrom sind und das Solenoid in
einer geschlossenen oder gedichteten Position
halten; und
c) Beibehalten der Haltespannung und des Hal-
testroms durch das Modul (15);
wobei das Modul (15) aufweist:

i) eine Gerätekommunikations-Verbin-
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dungsvorrichtung zum Anschließen min-
destens eines Leiters zwischen dem Modul
und jedem der Solenoide,
ii) eine Schnittstellenvorrichtung (84), um zu
bewirken, dass das Modul (15) ein beliebi-
ges von mehreren Signalen an einen belie-
bigen von mehreren Kontakten (16) der Ge-
rätekommunikations-Verbindungsvorrich-
tung anlegt,
iii) mindestens eine Leistungsversorgung
(81) zum Vorsorgen der Solenoide mit Leis-
tung, und
iv) einen Mikroprozessor (80), um das Mo-
dul (15) dazu zu veranlassen, ein beliebiges
von mehreren Signalen an einen beliebigen
von mehreren Kontakten (16) der Geräte-
kommunikations-Verbindungsvorrichtung
anzulegen;

wobei ein beliebiger Kontakt (16) der Gerätekommu-
nikations-Verbindungsvorrichtung für eine große
Vielzahl verschiedener elektrischer Funktionen kon-
figuriert sein kann, wie Messen einer Spannung, Er-
zeugen einer Spannung, Messen eines Stroms, Er-
zeugen eines Stroms, Erzeugen verschiedener Leis-
tungspegel und sogar Handhaben von Frequenzin-
formationen, wie zum Beispiel serieller Kommunika-
tionsdaten.

2. Verfahren gemäß Anspruch 1, wobei das Ändern
Folgendes beinhaltet:

Trennen der Betätigungsspannung und des Be-
tätigungsstroms von dem Solenoid und Anlegen
der Haltespannung und des Haltestroms an das
Solenoid durch das Modul (15); oder
Ändern des Spannungs- oder Strompegels ei-
ner einzigen Leistungsversorgung.

3. Verfahren gemäß Anspruch 1, wobei die Haltespan-
nung und der Haltestrom kleiner als fünfzig Prozent
der Betätigungsspannung bzw. des Betätigungs-
stroms betragen.

4. Verfahren gemäß Anspruch 1, ferner aufweisend
Wegnehmen von Leistung von dem Solenoid, wenn
das Solenoid-Ansteuerungssignal falsch wird;
wobei das Verfahren vorzugsweise ferner umfasst:
Drosseln des Spulenstroms und Klemmen der Spu-
lenspannung mit dem Modul (15);
wobei das Drosseln vorzugsweise fortgeführt wird,
bis die Spannung, die die Spule fähig ist zu beziehen,
auf einen Wert fällt, der kleiner als die geklemmte
Spannung ist;
wobei das Verfahren vorzugsweise ferner umfasst:
nach dem Drosseln, Verbinden der Spule mit einer
festen Transistoransteuerung durch das Modul zum
Ableiten verbleibender Energie von der Spule.

5. Verfahren gemäß Anspruch 1, ferner aufweisend:
Entfernen von Leistung von dem Solenoid, wenn das
Solenoid-Ansteuerungssignal falsch wird;
wobei das Modul (15) durch Verbinden beider Seiten
des Solenoids mit derselben Leistungsversorgung,
entweder hohe Seite oder niedrige Seite, einen leit-
fähigen Pfad zum Ableiten von Energie von der Spu-
le bereitstellt.

6. Verfahren gemäß Anspruch 1, ferner aufweisend:
Bestimmen des Zustands des Solenoids durch das
Modul (15), wobei der Zustand einen Bereich von
Zuständen von offen bis geschlossen oder gedichtet
beinhaltet.

7. Verfahren gemäß Anspruch 6, wobei das Bestim-
men ein Messen der Induktivität der Spule durch das
Modul (15) beinhaltet.

8. Verfahren gemäß Anspruch 7, wobei:

das Bestimmen ein Messen der Induktivität,
wenn das Solenoid offen ist, ein Messen der In-
duktivität, wenn das Solenoid geschlossen oder
gedichtet ist, und ein Speichern der Messungen
in einem Speicher eines Mikroprozessors des
Moduls (15) beinhaltet;
das Messen kontinuierlich oder periodisch ist;
das Messen beinhaltet: Anlegen eines sinusför-
migen Spannungssignals an die Spule durch
das Modul (15) und Messen der relativen Grö-
ßenordnung und relativen Phase des Spulen-
stroms durch das Modul (15) in Reaktion auf die
angelegte sinusförmige Spannung;
das Messen beinhaltet: Anlegen eines Recht-
eck-Spannungssignals an die Spule durch das
Modul (15) und Messen der relativen Größen-
ordnung und relativen Phase des Spulenstroms
durch das Modul (15) in Reaktion auf die ange-
legte Rechteck-Spannung; oder
das Messen beinhaltet: Anlegen einer Reihe
von Impulsen an die Spule durch das Modul,
Messen der Sprungantworten des Spulen-
stroms über die Zeit durch das Modul in Reak-
tion auf die angelegten Spannungsimpulse und
Berechnen der Induktivität aus den Sprungant-
worten.

9. Verfahren gemäß Anspruch 6, ferner aufweisend ein
kontinuierliches oder periodisches Bestimmen des
Zustands des Solenoids, wenn das Solenoid-An-
steuerungssignal wahr oder falsch ist;
wobei das Verfahren vorzugsweise ferner aufweist:
wenn bestimmt wird, dass das Solenoid nicht ge-
schlossen oder gedichtet ist, Wiederholen des Ver-
bindens, Beibehaltens der Betätigungsspannung
und des Betätigungsstroms, Änderns, und Beibehal-
tens der Haltespannung und des Haltestroms;
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wobei die Haltespannung oder der Haltestrom vor-
zugsweise während des Wiederholens erhöht wer-
den.

10. Verfahren gemäß Anspruch 1, wobei die Schnittstel-
lenvorrichtung (84) mindestens eine integrierte
Schaltung aufweist, die für einen bestimmten der
Kontakte eine auswählbare Verbindungsvorrichtung
bereitstellt; wobei die integrierte Schaltung vorzugs-
weise eine ASIC ist.

11. Konfigurierbares konfektioniertes Eingabe-/Ausga-
be-Modul (15) zum Betreiben mehrerer Solenoide,
wobei das Modul (15) aufweist:

i) eine Gerätekommunikations-Verbindungs-
vorrichtung zum Anschließen mindestens eines
Leiters zwischen dem Modul und jedem der So-
lenoiden,
ii) eine Schnittstellenvorrichtung (84), um das
Modul (15) dazu zu veranlassen, ein beliebiges
von mehreren Signalen an einen beliebigen von
mehreren Kontakten (16) der Gerätekommuni-
kations-Verbindungsvorrichtung anzulegen,
iii) mindestens eine Leistungsversorgung zum
Vorsorgen der Solenoide mit Leistung, und
iv) einen Speicher zum Speichern eines Com-
puterprogramms und einen Prozessor (80) zum
Ausführen des Programms, wobei das Pro-
gramm den Prozessor veranlasst, Folgendes
auszuführen:

a) in Reaktion darauf, dass ein Solenoid-
Ansteuerungssignal wahr wird, Anlegen ei-
ner Betätigungsspannung und Aufbauen ei-
nes Betätigungsstroms an die Spule durch
das Modul, wobei die Betätigungsspan-
nung und der Betätigungsstrom dazu füh-
ren, dass das Solenoid schließt oder dich-
tet;
b) nach dem Schließen oder Dichten des
Solenoids, Ändern auf eine Haltespannung
und einen Haltestrom an der Spule durch
das Modul, wobei die Haltespannung oder
der Haltestrom kleiner als die Betätigungs-
spannung bzw. der Betätigungsstrom sind
und das Solenoid in einer geschlossenen
oder gedichteten Position halten; und
c) Beibehalten der Haltespannung und des
Haltestroms durch das Modul;

wobei ein beliebiger Kontakt (16) der Gerätekommu-
nikations-Verbindungsvorrichtung für eine große
Vielzahl verschiedener elektrischer Funktionen kon-
figuriert sein kann, wie Messen einer Spannung, Er-
zeugen einer Spannung, Messen eines Stroms, Er-
zeugen eines Stroms, Erzeugen verschiedener Leis-
tungspegel und sogar Handhaben von Frequenzin-

formationen, wie zum Beispiel serieller Kommunika-
tionsdaten.

12. Modul gemäß Anspruch 11, wobei das Programm
den Prozessor veranlasst, die Induktivität der Spule
durch das Modul (15) zu messen, um den Zustand
des Solenoids zu bestimmen, wobei der Zustand ei-
nen Bereich von Zuständen von offen bis geschlos-
sen oder gedichtet beinhaltet.

Revendications

1. Procédé pour faire fonctionner une pluralité de so-
lénoïdes utilisant un module d’entrée/sortie configu-
rable et connectable (15) électriquement connecté
aux bobines desdits solénoïdes, comportant les éta-
pes de

(a) en réponse à un signal d’excitation d’un so-
lénoïde devenu vrai, application d’une tension
d’actionnement et établissement d’un courant
d’actionnement à la bobine par ledit module
(15), dans lequel ladite tension d’actionnement
et ledit courant d’actionnement engendrent la
fermeture ou le scellement dudit solénoïde ;
(b) à la fermeture ou au scellement dudit solé-
noïde, changement à une tension de maintien
et à un courant de maintien sur la bobine par
ledit module (15), la tension de maintien ou le
courant de maintien étant inférieure à ladite ten-
sion d’actionnement ou audit courant d’action-
nement, maintien dudit solénoïde dans une po-
sition fermée ou scellée ;
(c) maintien de ladite tension de maintien et du-
dit courant de maintien par ledit module,

dans lequel ledit module (15) comprend :

(i) un appareil connecteur de communication de
dispositif pour connecter au moins un conduc-
teur entre ledit module et chacun desdits solé-
noïdes,
(ii) un appareil d’interface (84) pour amener ledit
module (15) à placer n’importe lequel d’une plu-
ralité de signaux sur l’un quelconque d’une plu-
ralité de contacts (16) dudit appareil connecteur
de communication de dispositif,
(iii) au moins une source d’alimentation en éner-
gie (81) pour alimenter lesdits solénoïdes, et
(iv) un microprocesseur (80) pour amener le mo-
dule (15) à placer n’importe lequel d’une pluralité
de signaux sur l’un quelconque d’une pluralité
de contacts (16) dudit appareil connecteur de
communication de dispositif,

dans lequel n’importe lequel des contacts (16) dudit
appareil connecteur de communication de dispositif
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peut être configuré pour une large variété de fonc-
tions électriques, comprenant la mesure de tension,
la fourniture de tension, la mesure de courant, la
fourniture en courant, la fourniture de différents ni-
veaux d’énergie, et même le traitement d’informa-
tions fréquentielles, telles qu’une série de données
de communication.

2. Procédé selon la revendication 1, dans lequel ledit
changement comprend :

la déconnexion de ladite tension d’actionnement
et dudit courant d’actionnement à partir dudit so-
lénoïde et la connexion de ladite tension de
maintien et dudit courant de maintien au solé-
noïde par ledit module (15)
ou
le changement du niveau de tension ou du cou-
rant de la source d’alimentation unique.

3. Procédé selon la revendication 1, dans lequel la ten-
sion de maintien ou le courant de maintien est infé-
rieur à cinquante pour cent de la tension d’actionne-
ment ou du courant d’actionnement.

4. Procédé selon la revendication 1, comportant en
outre la suppression de l’énergie provenant dudit so-
lénoïde lorsque ledit signal de commande du solé-
noïde devient faux ;
de préférence le procédé comportant en outre la ré-
gulation du courant de la bobine et la restriction de
la tension de la bobine avec le module (15) ;
dans lequel ladite régulation se poursuit de préfé-
rence jusqu’à ce que la tension apte à alimenter la-
dite bobine soit inférieure à la tension de restriction ;
de préférence, le procédé comportant en outre,
après ladite régulation, la connexion de ladite bobine
à une commande de transistor fixe par ledit module
pour dissiper l’énergie restante de ladite bobine.

5. Procédé selon la revendication 1, comportant en
outre la suppression de l’énergie à la bobine lorsque
le signal de commande dudit solénoïde devient faux;
dans lequel ledit module (15) fournit un chemin con-
ducteur pour dissiper l’énergie de ladite bobine en
connectant les deux côtés du solénoïde à la même
source d’alimentation en énergie, soit du côté haut,
soit du côté bas.

6. Procédé selon la revendication 1, comportant en
outre la détermination de l’état dudit solénoïde par
le ledit module (15), dans lequel ledit état comprend
une plage d’états depuis l’ouverture jusqu’à la fer-
meture ou le scellement.

7. Procédé selon la revendication 6, dans lequel la dé-
termination comprend la mesure de l’inductance de
la bobine dudit module (15).

8. Procédé selon la revendication 7, dans lequel :

la détermination comprend la mesure de l’induc-
tance lorsque ledit solénoïde est ouvert, la me-
sure de l’inductance lorsque ledit solénoïde est
fermé ou scellé, et le stockage des mesures
dans la mémoire d’un microprocesseur dudit
module (15) ;
ladite mesure est continue ou périodique ;
ladite mesure comprend l’application d’un signal
de tension sinusoïdale à ladite bobine par ledit
module (15) et la mesure par ledit module (15)
de la grandeur relative et de la phase relative
du courant de bobine en réaction à la tension
sinusoïdale appliquée ;
ladite mesure comprend l’application d’un signal
de tension d’onde carrée à ladite bobine par ledit
module (15) et la mesure par ledit module (15)
de la grandeur relative et de la phase relative
du courant de bobine en réaction à la tension
d’onde carrée appliquée ; ou
ladite mesure comprend l’application d’une sé-
rie d’impulsions à ladite bobine par ledit module,
ledit module mesurant les réponses par étape
du courant de bobine au cours du temps en réac-
tion aux impulsions de tension appliquées, et en
calculant ladite inductance à partir desdites ré-
ponses d’étape.

9. Procédé selon la revendication 6, comportant en
outre la détermination continue ou périodique dudit
état dudit solénoïde lorsque ledit signal de comman-
de du solénoïde est vrai ou faux ;
le procédé comportant en outre de préférence, si
ledit solénoïde est déterminé pour ne pas être fermé
ou scellé, la répétition de ladite connexion, le main-
tien de ladite tension d’actionnement et du courant
d’actionnement, le changement et le maintien de la-
dite tension et du courant de maintien ;
dans lequel ladite tension de maintien ou le courant
de maintien est augmenté de préférence au cours
de la répétition.

10. Procédé selon la revendication 1, dans lequel ledit
appareil d’interface (84) comprend au moins un cir-
cuit intégré fournissant un appareil d’interconnexion
sélectionnable avec un desdits contacts particuliers,
dans lequel ledit circuit intégré est de préférence un
ASIC.

11. Module (15) d’entrée / sortie configurable pour être
connecté afin de faire fonctionner une pluralité de
solénoïdes, ledit module (15) comportant :

(i) un appareil de connexion de communication
de dispositif pour connecter au moins un con-
ducteur entre ledit module et chacun desdits so-
lénoïdes;
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(ii) un appareil d’interface (84) pour amener ledit
module à placer n’importe lequel d’une pluralité
de signaux sur l’une quelconque d’une pluralité
de contacts (16) dudit appareil de connexion de
communication de dispositif,
(iii) au moins une source d’alimentation en éner-
gie pour délivrer de l’énergie auxdits solénoïdes,
et
(iv) une mémoire pour stocker un programme
informatique et un processeur (80) pour exécu-
ter ledit programme, ledit programme permet-
tant au processeur de

(a) en réponse à un signal vrai de comman-
de du solénoïde, connecter une tension
d’actionnement et établir un courant d’ac-
tionnement sur la bobine par ledit module,
dans lequel ladite tension d’actionnement
et le courant d’actionnement provoquent la
fermeture ou le scellement dudit solénoïde;
(b) lors de la fermeture ou du scellement
dudit solénoïde, passer à une tension de
maintien et un courant de maintien sur la
bobine par ledit module, ladite tension de
maintien ou le courant de maintien étant in-
férieur à ladite tension d’actionnement ou
au courant d’actionnement et maintenir ledit
solénoïde dans une position fermée ou
scellée;
(c) maintenir ladite tension de maintien et
maintenir le courant par ledit module ;
dans lequel n’importe quel contact (16) du-
dit appareil de communication de dispositif
peut être configuré pour une large variétés
de fonctions, comprenant la mesure d’une
tension, la fourniture d’une tension, la me-
sure d’un courant, la fourniture d’un cou-
rant, la fourniture de différents niveaux
d’énergie, et même le traitement d’informa-
tions fréquentielles, telles qu’une série de
données de communication.

12. Module selon la revendication 11, dans lequel ledit
programme amène ledit processeur à mesurer l’in-
ductance de la bobine par ledit module (15) pour
déterminer l’état dudit solénoïde, ledit état compre-
nant une gamme d’états allant de l’ouverture à la
fermeture ou au scellement.
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